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ABSTRACT 
Tissue engineering is an emerging field aimed to combine biological, engineering and 
material methods to create a biomimetic three dimensional (3D) environment to control cells 
proliferation and functional tissue formation. In such an artificial structural environment, a 
scaffold, made from biomaterial(s), plays an essential role by providing a mechanical support 
and biological guidance platform. Hence, fabrication of tissue scaffolds is of a fundamental 
importance, yet a challenging task, in tissue engineering. This task becomes more challenging if 
living cells need to be encapsulated in the scaffolds so as to fabricate scaffolds with structures to 
mimic the native ones, mainly due to the issue of process-induced cell damage. This research 
aims to develop novel methods to model the process of fabricating cell-encapsulated scaffolds 
and process-induced cell damage. Particularly, this research focuses on the scaffold fabrication 
process based on the dispensing-based rapid prototyping technique - one of the most promising 
scaffold fabrication methods nowadays, by which a 3D scaffold is fabricated by laying down 
multiple, precisely formed layers in succession.  
In the dispensing-based scaffold fabrication process, the flow behavior of biomaterials 
solution can significantly affect the flow rate of material dispensed, thus the structure of scaffold 
fabricated. In this research, characterization of flow behavior of materials was studied; and 
models to represent the flow behaviour and its influence on the scaffold structure were developed. 
The resultant models were shown able to greatly improve the scaffold fabrication in terms of 
process parameter determination. 
If cells are encapsulated in hydrogel for scaffold fabrication, cell density can affect the 
mechanical properties of hydrogel scaffolds formed. In this research, the influence of cell density 
on mechanical properties of hydrogel scaffolds was investigated. Furthermore, finite element 
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analysis (FEA) of mechanical properties of scaffolds with varying cell densities was 
performed.The results show that the local stress and strain energy on cells varies at different cell 
densities. The method developed may greatly facilitate hydrogel scaffolds design to minimize 
cell damage in scaffold and promote tissue regeneration. . 
In the cell-encapsulated scaffold fabrication process, cells inevitably suffer from 
mechanical forces and other process-induced hazards. In such a harsh environment, cells deform 
and may be injured, even damaged due to mechanical breakage of cell membrane. In this 
research, three primary physical variables: shear stress, exposure time, and temperature were 
examined and investigated with regard to their effects on cell damage. Cell damage laws through 
the development phenomenal models and computational fluidic dynamic (CFD) models were 
established; and their applications to the cell-encapsulated scaffold fabrication process were 
pursued. The results obtained show these models and modeling methods not only allow one to 
optimize process parameters to preserve cell viability but also provide a novel strategy to probe 
cell damage mechanism in microscopic view. 
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CHAPTER 1 
INTRODUCTION AND OBJECTIVES 
1.1 Introduction 
Tissue engineering is an important emerging field in biomedical engineering to create 
biological alternatives for restoration, replacement and regeneration of devastated and 
dysfunctional tissues and organs. The strategy of tissue engineering is generally to incorporate 
cells into an artificial and three dimensional (3D) scaffold and by cell culture, to form a new 
tissue for implanting it to defect area of host tissue.  During the entire process, tissue scaffolds, 
made from biomaterials, acts as a biological and mechanical environment to support and guide 
cell attachment, migration, proliferation, differentiation and assembly into a new 3D tissue, while 
they degrades. Thus, tissue scaffolds are an indispensible and fundamental element in tissue 
engineering. 
Tissue scaffolds are typically of a porous 3D structure of biomaterials with one or several 
ingredients of cells and proteins. They are fabricated with mechanical properties that provide 
structural support for cell and tissue regeneration as well as with appropriate pore size, porosity 
and interconnectivity that facilitate oxygen and nutrition supply and waste removal[1]. Also, 
sometimes they are fabricated with controllable growth factor and cells distributions to guide and 
promote the growth of functional tissue[2, 3].  To produce the desirable tissue scaffolds, various 
scaffold fabrication methods have been constantly evolved and developed.  
Among many fabrication methods, the dispensing-based rapid prototyping method is one 
of the most promising bio-rapid prototyping(BioRP) techniques which has attracted a large 
amount of attentions due to its repeatability, controllability, easy-operation and maintenance[4, 
5]. In this method, biomaterials or cell mixtures are extruded from a fine needle onto a substrate 
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or a crosslinking solution to form a 3D structure in a layer by layer. A schematic cell- 
encapsulated bio-dispensing process and a 3D structure are shown in Fig 1.1.  Current bio-
dispensing system is usually used to fabricate scaffolds in a trial and error fashion because of the 
lack of means to understand and describe the bio-dispensing process. In this process, the flow 
behavior of the biomaterials solution being dispensed and the system parameters (such as the 
needle size and the force applied for dispensing) have significant influence on the scaffold 
formed, including pore size, porosity and pore interconnection [6]. Therefore, the investigation 
into the bio-dispensing process and development of quantitative models for this process is of 
great importance to facilitate its control and optimization. 
 
It is noted that, nowadays, scaffolds encapsulated with cells have emerged for use in 
tissue engineering applications, such as bone and cartilage regeneration, due to the excellent 
biocompatibility and biomimetic capacity. As aforementioned, the mechanical property is one of 
critical aspects for successful application of scaffolds in tissue engineering. Cells, whose 
Fig 1. 1 Cell–encapsulated bio-dispensing process: cell mixture is extruded onto a 
substrate(a) cell mixture is extruded into a solution for a crosslinking (b).   
（a） （b） 
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mechanical properties are different from biomaterials, are involved into the scaffold from the 
beginning of its fabrication process. The density of cells encapsulated is a non-ignorable factor 
that affects the mechanical properties of hydrogel scaffolds and thus affects cell differentiation 
and tissue growth. Although a few attempts are reported in the literature, no research presents a 
comprehensive and quantitative analysis on the effect of cell density on mechanical properties. 
Hence, in this research, the effect of cell density on scaffold under mechanical force and cell 
mechanical response for scaffold deformation with different cell densities were studied and 
modeled. This part of study is essential to design scaffolds with desired properties and gives a 
new means of controlling cell densities to fabricate desirable scaffolds.  
In cell-encapsulated scaffold fabrication process, cells are naturally subjected to the 
pressure in the reservoir and/or the shear stress in the needle. Besides, in some cell-encapsulated 
biofabrication processes, operating temperatures may also be involved and affect the processes. 
In a physiological range, the forces elicit cell adaptive responses complicatedly and chronically. 
If the force exceeds certain thresholds, and/or cells suffer for a certain period, and/or operation 
temperature reaches at a certain value, biological and mechanical properties of cell membrane 
will change and even it will be not able to keep its integrity and finally decomposes irreversibly. 
From material failure perspective, cell membrane breakage is considered as cell damage[7]. Not 
all cells survive and maintain their phenotype during fabrication process, depending on the cell 
types and the process conditions. In order to improve the biofabrication process control, the 
knowledge with regard to the influence of force, exposure time and temperature on cell damage 
is essential.   
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1.2 Objectives 
The aim of this research work is to perform a comprehensive study on the bio-dispensing-
based tissue scaffolds fabrication process, with a focus on addressing the key issues identified in 
the previous section. Specifically, three main objectives are set to achieve in this research.  
The first objective is to develop models to represent the flow behavior of scaffold 
biomaterials and its influence on the scaffold fabrication process, so as to providing means to 
better control the process for desirable scaffolds. 
The second objective is to investigate the influence of cell density on mechanical 
properties of hydrogel scaffolds and develop models to represent the cell density effects on local 
strain energy and stress on cells. This would allow for determining appropriate cell density in 
scaffold fabrication process to better control mechanical properties of scaffolds and to preserve 
cell viability. 
The third objective is to develop cell-damage models to investigate the force, exposure 
time and temperature effects on cell damage and on this basis, develop methods to predict the 
cell-damage rate or percentage in the dispensing-based biofabrication process. This research will 
facilitate the prediction of process-induced cell damage and then optimize the fabrication process 
parameters and strategies to preserve the cell-viability in scaffold biofabrication.    
1.3 Organization of the Dissertation 
This dissertation comprises of eight chapters. Besides this chapter, it includes six 
manuscripts (published or submitted for possible publication), followed by the conclusions 
drawn from this research. 
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Chapter 2 presents a literature review on current bio-rapid-prototyping techniques and 
cell damage modeling methods. Their technical features and pros and cons were examined, along 
with the discussion on their potential applications. 
Chapter 3 presents the investigation into the flow behavior of alginate/hydroxyapaptite 
(HA) mixtures and its influence on the scaffold fabrication process. The flow behaviour 
concerned is examined and illustrated dependent on the concentration of both alginate and HA, 
and temperature. The relationships between them were mathematically established and 
experimentally verified. On this basis, the flow rates of the biomaterials solution dispensed were 
modelled and the needle moving speed of the dispensing system was determined and used in the 
scaffold fabrication. 
Chapter 4 concerns with the cell density effects on the mechanical properties of cell-
encapsulated alginate scaffolds. Ogden model was adopted to describe the mechanical properties 
of the scaffolds at varying cell densities and on this basis, simulations were performed to study 
the local stresses and strain energy on cells when cells are subjected to loadings. 
Chapter 5 is about the development of cell damage laws that relates cell damage rate to 
forces and exposure time for cells (Schwann cells and 3T3 cells). The cell damage laws were 
developed and then applied to the dispensing-based scaffold fabrication process to predict the 
cell damage percentage in the process. The models were validated by comparing the 
experimental and simulations results.  
Chapter 6 presents the development of a novel means to study cell damage in the scaffold 
biofabrication by employing computational fluid dynamic (CFD) method.  It was illustrated the 
use of CFD is an effective means to investigate cell damage mechanism and thus to predict cell 
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damage in the scaffold biofabrication. The effectiveness was illustrated by both experiments and 
simulations. 
Chapter 7 is about the influence of temperature on shear-induced cell damage.  A cell 
damage law was established to quantitatively describe the relationship between the cell damage 
percent and temperature. This law was applied to predict cell damages in the scaffold fabrication 
process with varying temperatures. 
Chapter 8 presents the conclusions drawn from this research, which is followed by 
suggestions and recommendations for possible future work. 
1.4 Contributions of the Primary Investigator 
It is noted that all papers presented in this dissertation are co-authored. However, it is the 
mutual understanding of all authors that Xiaoyu Tian, as the first author, is the primary 
investigator and that Xiaoyu Tian, as the second author of manuscript presented in Chapter 7, 
contributes to the research equally with the first author.     
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CHAPTER 2 
BIO-RAPID-PROTOTYPING OF TISSUE ENGINEERING SCAFFOLDS 
AND THE PROCESS-INDUCED CELL DAMAGE* 
* This chapter has been published as “Xiaoyu Tian, Minggan Li and Xiongbiao Chen. (2013). 
Bio-Rapid-Prototyping of Tissue Engineering Scaffolds and the Process-Induced Cell Damage. 
Journal of Biomimetics, Biomaterials and Tissue Engineering. 17:1-23”. According to the 
Copyright Agreement, “the authors retain the right to include the journal article, in full or in part, 
in a thesis or dissertation”. 
2.1 Introduction 
Tissue engineering has been developed to meet the tremendous need for the repair or 
replacement of damaged tissues and organs, by applying the principles of biology, material 
science and engineering to develop artificial tissue substitutes [8-11]. In tissue engineering, 
scaffolds mimic the extracellular matrix (ECM) of native tissue by providing nutrients, oxygen, 
and growth factors (proteins), encouraging cell proliferation, and supporting the tissue formation 
in its 3D structure [12]. Accordingly, tissue scaffolds play a vital role in tissue engineering and 
the fabrication of the tissue scaffold is of fundamental importance. 
In tissue engineering, cells are either seeded onto prefabricated porous scaffolds or 
incorporated during scaffold fabrication process [13]. In the former strategy, the lack of 
vascularisation, difficulties in achieving high-density cell seeding throughout the scaffold, and 
the difficulties in incorporating multiple cell types and growth factors within the same scaffold 
limit the utility of this strategy [14].  To address these problems, in the later strategy cell-
encapsulatedcell-encapsulated scaffolds were proposed to incorporate living cells in biomaterials 
during the scaffold fabrication process, which is referred to as biomanufacturing. 
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Biomanufacturing has emerged as a novel tissue scaffold fabrication strategy and since the cell-
encapsulated scaffolds can mimic native tissues with respect to anatomical geometry [15], cell 
placement [16], and the microenvironment of the cells, it has attracted a great deal of attention in 
cell-capsulation technology and tissue engineering [17].  
Various biomanufacturing techniques have been explored to fabricate cell-encapsulated 
tissue scaffolds and they can be classified into the categories of micromolding, photolithography, 
microprinting, and microfluidics. In micromolding, biomaterials are delivered into a template 
with designed patterns and subsequently polymerized to create structures of different shapes and 
sizes [18, 19]. In photolithographic processes, biomaterials are exposed to UV light through a 
mask. As the light reaches the photocurable biomaterials through the transparent regions of a 
mask it crosslinks the biomaterials [20]. In both microprinting and microfluidics, cells are mixed 
with biomaterial solutions and delivered through a fine nozzle or channel under a pressure. Since 
photolithography, microprinting, and microfluidics can fabricate scaffolds with both designed 
external shape and desired internal structures, they are referred to as bioRP in this chapter. In 
some of bioRP techniques, particularly in microprinting and microfluidics, cells flow with the 
biomaterial solutions and deform under fluid shear stresses, which may cause cell membrane 
rupture or cytoskeleton failure, leading to cell damage [7, 21]. 
To understand and represent cell damage under process-induced stresses, several theories 
and methods have been employed. To describe cell damage observed from experiments, some 
phenomenal models were proposed [21-23]. To better understand the mechanism of cell damage, 
strain energy theory was also introduced as a cell damage criterion for mechanical force induced 
cell damage [24].  
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This chapter presents an overview on current biomanufacturing techniques for tissue 
scaffold fabrication, with emphasis on bioRP techniques and their issues. This chapter also 
surveys the cell damage modeling methods for the understanding of the cell damage mechanism 
and the prediction of cell damage in the bioRP processes. Discussions in further improvements 
of current bioRP technologies are given and novel methods to study mechanical cell damage 
mechanism are also proposed. 
2.2 Cell encapsulation bioRP techniques 
This section focuses on photolithography, microprinting, and microfluidics techniques 
given the fact that the review of micromolding has been well documented in [20, 25].  
2.2.1 Laser-assisted biofabriaction 
Laser-assisted method uses the energy of photons to manipulate cells and/or biomaterials 
to achieve desired cell and biomaterial patterns, such as laser guided direct writing (LGDW) [26-
29], laser-induced forward transfer (LIFT)[30-33], and photolithographic patterning and 
stereolithography [34].   
LGDW uses the optical force to directly manipulate cells and biomolecules to form 
designed scaffold pattern. Schematic of LGDW is shown in Fig. 2.1, in which a laser beam is 
focused by a lens onto a target area. Due to the scattering of photons by the cell-media interface, 
cells in the laser beam path experience radiation forces in the laser travelling direction and then 
be trapped and deposited at designated position. The patterning resolution of this method is only 
limited by the size of cells (~10 µm in diameter)[27]. This method was first introduced to 
directly pattern living cells by Ashkin et al. [35, 36] and then was modified to deposit cells 
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through hollow fibers [26, 37]. The effect of wavelength on cell growth was also studied by 
Liang et al.[38]. This technique was applied in tissue engineering to pattern cells and 
biomaterials in an aqueous suspension to form two-dimensional patterns[39]. Three-dimensional 
(3D) cell patterns were also fabricated to mimic the liver sinusoid-like structures [27, 40]. 
Nonetheless, the optical force is not high enough to deposit heavy particles larger than 10 µm [35] 
to form scaffold directly. However, this can be overcome by combining other RP techniques with 
LGDW, in which the other RP techniques can be used to create hydrogel structure and LGDW 
deposits cells simultaneously onto it, building cell-encapsulated tissue scaffolds.  
 
LIFT delivers cell-encapsulated hydrogel from a thin film coated onto the rear side of a 
transparent support substrate. The schematic of LIFT is shown in Fig. 2.2. The transfer is 
induced by focusing one or more laser pulses onto the support-film interface, where heating and 
phase change of the film propel material onto a receiving substrate [41]. Different from LGDW, 
LIFT utilizes the laser energy to heat the hyrogel film and the evaporation caused at the focusing 
spot drives the hydrogel to separate from the film. Due to this, not only can LIFT pattern various 
types of living cells [29, 42-45], but also deposit heavy particles, such as cell-encapsulated 
hydrogels, to form designed 3D structures [46-48]. Own to its high positioning accuracy, LIFT 
Fig 2. 1 Schematic of LGDW. 
Laser beam 
Cell medium 
Receiving 
substrate 
Cells 
Trapping force
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has been recently combined with other solid RP to fabricate 3D cell-encapsulated tissue scaffolds, 
in which the solid RP fabricates the scaffold structure with designed microstructure and the LIFT 
technique precisely deposits living cells onto each fiber of the scaffolds[49]. The combination of 
the two techniques provides an effective way for the control over the microenvironment of 
artificial tissues. 
 
Photolithographic patterning techniques use ultraviolet (UV) light to cure 
photopolymerizable hydrogels with the help of patterned masks to produce topographically 
patterned hydrogel stamps and channels [50, 51]. Although photopatterning can construct 
layered patterns of cell-encapsulated hydrogels [52], the procedure is partially hand-operated and 
time-consuming and requires prefabricated masks for each layer of polymerization. 
Stereolithography can overcome these shortcomings by generating a spot of UV light to 
selectively polymerize the photosensitive hydrogel layer by layer, thus creating a hydrogel 
scaffold with seeded cells [53]. Laser micro-stereolithography [54] has a high resolution and 
been used for the fabrication of precise, spatially distributed microenvironments. Shown in Fig. 
2.3 are the examples of 3D cellular scaffolds fabricated by means of stereolithography [55-57]. 
Fig 2. 2 Schematic of LIFT. 
Laser beam 
Transparent carrier 
Cell-encapsulated 
Hydrogel film 
Receiving 
substrate 
   Heating      Separating
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In addition, photolithergraphical patterning technique was also developed to combine with other 
fabrication methods such as capillary force lithography to produce multi-scale matrix 
structures[58].  
    
Fig 2. 3 3D tissue scaffold made by stereolithgraphy( A: human umbiliacal vein endothelial 
cells B: human stem cells hADSCs C: DMD-µSL cells) 
2.2.2 Microprinting 
In microprinting, cell and biomaterial mixture is extruded through a fine nozzle by 
employing mechanical forces and deposited onto a designated location to form 3D scaffolds. To 
date, various microprinting techniques have been developed to fabricate cell-encapsulated tissue 
scaffolds. Table 2.1 lists the common microprinting techniques, along with the cells used and 
cell viability resulted in the fabrication processes.  
Both inkjet printing and drop-on-demand printing use either pizeo-electric or thermal-
dynamic driven method to force cell mixture out of a fine nozzle in either a small cell-
encapsulated droplet or continuous strand. They are jetting-based techniques. The jetting 
mechanism in these techniques were reviewed in [59], with a comparison of their printing speeds, 
printing resolution, cell viability and cell throughput. Since these techniques can produce cell-
A B C
13 
 
encapsulated droplet of small size, they can be used create cell-encapsulated tissue scaffolds with 
accurately-controlled shape and cell spatial distribution. 
 
Table 2. 1 Microprinting techniques for tissue scaffold fabrication 
Technique  Structure Cell type 
Cell 
viability 
Reference 
Inkjet printing 2D/3D 
CHO, 
Motoneuron 
Primary feline 
H1 
cardiomyocyte
>90% 
N/A 
[32, 60-65] 
 
BioAssembly Tool 3D 
Fibroblasts 
Endothelial 
Hepatic cell 
60% 
86% 
90% 
[66-68] 
RP deposition tool 3D Hepatocytes 98% [69] 
Biodispensing tool 3D 
Chondrocytes 
Hepatocytes 
94% 
95% 
[69-74] 
Direct cell writing 3D HepG2 79-83% [75] 
Drop-on-demand 
printing 
3D Endothelial N/A [76, 77] 
Bioprinting 3D Endothelial 76-83% [78] 
Electro 3D Jurkat 95-97% [79] 
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-hydrodynamic 
jetting 
Hand injection 3D 
Mesenchymal 
C3H10t1/2 
Stem cells 
N/A [80-82] 
CHO: Chinese hamster ovary cell, SMC: Smooth muscle cell, 2D: two dimensional 
It is noted that bioassmebly tool, RP deposition tool, biodispensing, bioprinting, and 
direct cell writing techniques share the similar mechanism of driving cell-mixture. They use an 
air pressure or a plunge to extrude the cell mixture to flow through a fine nozzle and deliver it 
onto a designated substrate. They can be operated either in continuous manners by applying a 
continuous air pressure or plunge movement or  in drop-on-demand manner by applying discrete 
air pressure or plunge movement [4]. Due to their ease in maintenance and control, these 
techniques have been widely applied in tissue scaffold fabrication with and without the presence 
of cells. By using multi-nozzle biodispensing, various scaffold structures were created and 
different cell types were simultaneously applied due the fabrication process [83]. It is noted that 
in the jetting techniques reviewed previously, the cells are driven by a high pressure and as such, 
cells suffer from the exposure of high stresses. In contrast, in the techniques reviewed in this 
section, speeds that cells travel at in the nozzle can be controlled and thus cell viability can be 
enhanced by using appropriate process condition.   
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Fig 2. 4 Rapid prototyping of 3D cell-encapsulated scaffolds using bioprinting. (A: 3D 
structure of the scaffold, B: fluorescent cell image of bioprinted scaffolds[84]). 
Electro-hydrodynamic jetting (EHDJ) is the modification of biodispensing by applying an 
electrical field between the nozzle and the substrate. The cell droplet velocity in EHDJ is 
typically below 0.1 m/s [79], which is far lower than that in ink-jetting, thereby improving the 
cell viability in the fabrication process. However, in EHDJ the high applied voltages and strong 
electric field gradients are typical required, which may alter the conformation of biomolecules 
and thus induce deleterious damage to cells [85]. Nonetheless, by using low electrical 
conductivity medium such as poly(dimethylsiloxane) [86], some experiments suggest that the 
EHDJ process has no significant effect on the cell viability and functions [86-88]. In addition, 
this technique was modified by using a coaxial needle, in which the high viscous biomaterials is 
forced through the outer layer of the needle while cell suspension through its inner layer. By 
using this method, a continuous cell-encapsulated thread can be formed to build cell-bearing 3D 
scaffolds [86, 87]. The electrospinning method typically produces nesting-like structure of 
polymer, in which the collection of flying fiber is a challenge. By adding designed patterns of 
electrodes on the receiving substrate, Li et al. illustrate the creation of oriented structure of fibers 
A B
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(Fig. 2.5) [89], illustrating the feasibility to create cell encapsulated scaffolds with desired 
structures. 
 
 
 
 
 
 
Fig 2. 5 Controlled orientation of electrospinning fibers[89]. 
Manual injection allows one to deposit cell-encapsulated hydrogel onto designated place. 
Although it can produce fine hydrogel strands, it is difficult to control the shape and accuracy. 
As such, it has been typically used in injectable hydrogel tissue engineering application [13]. 
Microprinting uses the rapid prototyping (RP) technique to create 3D cell-encapsulated 
tissue scaffolds. Not only can it fabricate scaffolds with designed external shape but also build 
desired internal channels to ensure nutrients supply and waste removal for tissue regeneration. 
With the multi-nozzle system such as 3D plotting device, microprinting can simultaneously 
encapsulate multi-phenotype cells as well as different growth factors into a scaffold. Moreover, 
by controlling the flow rate of each nozzle, desired cell concentration and growth factor 
gradients can be achieved, which is of importance to cell guidance, cell proliferation control and 
tissue formation.  
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2.2.3 Microfluidics 
Microfluidics has emerged as a new endeavor for the cell-encapsulated tissue scaffold 
fabrication, in which the cell and biomaterial suspension is typically controlled in a laminar flow 
pattern. When two or more streams of laminar flow are joined into a single stream, the resultant 
streams flow parallel to each other and the mixing takes place by diffusion only between the 
interfaces (Fig.6). This ability to generate and sustain parallel streams of different solutions in 
microchannels provides a unique opportunity to pattern cells[90]( Fig.2.7) and their 
environments [91]. 
 
 
 
 
 
 
 
 
To encapsulate multiphenotype cells into tissue scaffolds, cells suspension in one 
microchannel is mixed with a hydrogel solution in another microchannel. The two streams 
jointed together and were crosslinked at the channel exit to form cell-encapsulated constructs [92, 
93]. Microfluidic device was used to pattern human endothelial cells on defined 3D structures 
[94] to improve cellular pattern integrity and to provide microscale control over cellular 
microenvironments. Microfluidics was also used to fabricate sub-mm-sized cell-encapsulated 
modules for tissue engineering [14] by cutting a continuous cell-containing fiber. A more 
 Fig 2. 6 Schematic of laminar flow streams jointing 
for synthesis of cell-encapsulated scaffolds. 
biomaterial
cells 
Growth factors
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common method of using microfluidic systems to generate microparticles is the use of 
multiphase systems. In these approaches the viscous and surface tension forces are used to create 
homogeneous particles, which are crosslinked to form microscale hydrogels. A range of particle 
sizes and shapes can be created by generating the properly designed microfluidic channels. For 
example, by adjusting the dimensions of the microchannels, the flow rates and the droplet shapes, 
it is possible to create hydrogels in the form of spheres and rods [95].  
Notably, microfluidics can be used to control the spatial properties of hydrogel. For 
example, one can create hydrogels with controlled gradients of signaling molecules or material 
properties embedded in the hydrogel [96]. These hydrogels can be used in various tissue-
engineering applications where the concentration gradient is desired in the scaffolds. 
Microfluidics can also be merged with other techniques such as photolithography to fabricate 
cell-encapsulated modules [97]. Due to the laminar flow properties associated with microfluidics, 
modules fabricated by this method are uniform and it is easy to control their size and shape. 
Another advantage of microfluidics is the low shear stress in the flow stream. This will be 
particularly beneficial to preserve cell viability during the fabrication process. In most of the 
cell-encapsulated scaffolds fabricated by microfluidic devices, there are no significant losses of 
cell viability [14]. 
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 Fig 2. 7 Three-layer micro structure with different living cells shown as different colors 
(endothelial cells, smooth muscle cells and fibroblasts) (A: top view B: side view)[90]. 
2.2.4 Comparison of biofabrication techniques 
A comparison of the three biofabircation technologies discussed above is summarized in 
Table 2.2. Generally, laser-assisted methods have high resolution and are suitable for the 
applications where precise cell displacement is required and/or the cell-cell and cell-ECM 
interaction is of particular interest. Notably, although LGDW and LIFT techniques can precisely 
manipulate cells, it is challenged to create 3D tissue scaffolds. Compared to laser-assisted 
methods, microprinting is more flexible and cost-effective and as such, has been widely used in 
3D tissue model fabrication and cell encapsulation applications. With the use of multiple nozzles, 
microprinting can be applied to create 3D tissue scaffolds with varying distributions of multiple 
cells as well as controlled microstructure. Given the fact that microprinting utilizes strong 
mechanical forces to manipulate cells, cell viability is an issue as detailed later in this chapter. 
Microfluidic technique can be readily controlled to fabricate 3D tissue blocks with the desired 
A 
B 
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distributions of cells and growth factors. Also, by assembling such sub-millimeter tissue blocks, 
microfluidic technique provides a new means to fabricate 3D tissue/organ substitutes. 
Table 2. 2 Comparison of different biofabrication techniques 
Method 
Laser-assisted 
biofabrication 
Microprinting Microfluidic 
Material 
delivery 
mechanism 
Optical force 
Laser heating 
Pressure 
Piezoelectric 
impact 
Thermal impact 
Pressure 
3D structure 
formation 
Gel support 
Layer support 
Selective Polymerization 
Chemical or 
photo 
crosslinking 
Chemical or 
photo 
crosslinking 
Feature 
resolution 
~1.3 [µm] – 
Stereolithgraphy 
~10[µm] – LGDW 
~100[µm] – LIFT and 
Photolithography 
patterning 
~100[µm] submillimeter 
Operation 2.5[cell/min] – LGDW 0.1-150[mm/s] Depends on 
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speed 50[µm/s] – 
Stereolithgraphy 
flow rate 
3D cell 
encapsulated 
Yes Yes Yes 
Process-
induced 
stress on 
cells 
Thermal, mechanical 
Mechanical, 
thermal 
Electrical in 
EHDJ 
Mechanical 
Advantages 
-Manipulating single cells 
-High resolution pattern 
-Photopolymerization 
-Easy 3D 
formation 
-Multi-nozzle 
system 
-low cost 
controlled 
growth factor 
gradient  
-High cell 
viability 
Drawbacks 
-not easy to make 3D 
structure 
-Photo and thermal effects 
on cell viability 
-Mask preparation and high 
cost 
-limited to photosensitive 
-mechanical 
stress affects cell 
viability 
-Pattern 
resolution is 
limited 
-nozzle jam 
-Limited to low 
viscosity 
materials 
-need assistant 
to form 3D 
structure  
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materials 
Applications 
-High resolution cell 
patterning 
-Cell-cell and cell-ECM 
interaction applications 
-3D cell 
encapsulation 
-external shape 
controlled 3D 
scaffolds 
-Mimicry of 
ECM structure 
-Multi-layered-
strand 3D 
scaffold 
-Heterotypic 
cell-cell 
interactions 
-Tissue block 
-Tissue 
assembly 
2.3 Process-Induced Cell Damage 
In the bioRP processes discussed previously, cells are exposed to laser light in LGDW 
and LIFT, to mechanical forces in different printing process, or to high electrical field in EHDJ. 
If the radiation dose or mechanical force is small and exposure time is short, cells may survive 
the processes. If the dose or mechanical force is high and exposure time is long enough, the 
phenotypes of cells may be impaired or cell integrity may be broken, thus causing cell damage. 
Cell damage is an important concern in the bioRP process since damaged cell affects cell density, 
distribution and even the proliferation and differentiation. Thus it is desired to control and 
minimize cell damage. 
From the biological perspective, cell damage may refer to the cell dysfunction resulting 
from some external stresses. DNA damage, membrane rupture and protein denaturation are often 
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considered as cell dysfunction. Since different processes may cause different effects on cells, in 
the following cell damage is presented in terms of its types, with emphasis on mechanical force-
induced cell damage.  
2.3.1 Laser-induced cell damage 
When laser beam is focused to a very small focal volume, the high photon density can 
induce multiphoton absorption at the laser focus, even in transparent cells. Also, the high energy 
of photons can excite free electrons, which can in turn absorb photons and gain their energies. 
This recurring process can cause rapid growth in the number of free electrons, leading to the 
cascade ionization [98]. The high concentration of the free electrons in the focal volume can lead 
to plasma-mediated ablation of cells [99], thus causing photo-damage of cells.  
Several mechanisms of laser-induced cell damage were proposed. When exposed to a 
laser pulse, a rapid transient heating (ΔT≈100℃) was produced in the cells, which was thought to 
be a possible factor triggering dysfunction of sperm cells [100, 101]. Local heating of cells may 
occur in the bioRP process since cells are trapped in the laser beam for certain time courses in 
LGDW and exposed to laser radiation in droplet formation process in LIFT process. Two-photo 
absorption is another theory for laser-induced cell damage. Laser can produce cytotoxic oxygen 
radicals and singlet oxygen through charge transfer and energy transfer, causing cell damage by 
oxidative stress [102-104]. Laser can also introduce photochemical reaction in cells, producing 
chemical species toxic to cells [105, 106]. 
It has been illustrated that cell viability after laser exposure ranges from 39% to 79%, 
depending on the laser energy [107]. The damage process in the laser trapping process was well 
characterized by using a microscope [108]. Obviously, laser-induced cell damage is highly 
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dependent on the energy of the laser. The dependence of cell viability and proliferation on laser 
energy in LIFT process was systematically investigated [109, 110], which provide a very useful 
reference for development and application of LGDW and LIFT techniques. Although low energy 
light has no cytotoxic or genotoxic effects on cells [111], high energy lasers have the potential to 
harm cells or other small molecules in cells due to their photonic and thermal effects[112, 113]. 
Thus, the selection and control of the laser energy is critical in photolithography methods and 
long-term effect of laser irritation on cells is of interesting initiate for future research. 
Notably, cells in the LGDW and LIFT process are not only exposed to laser radiation but 
also subjected to mechanical forces during the droplet formation and deposition process, which 
may also result in cell damage. It was found that although cell viability decreased from 95% to 
78% as the laser energy increased from 258 to 1428 mJ/cm2, the cell damage was mainly caused 
by the mechanical stress during the cell droplet formation and deposition process [114]. 
2.3.2 Electrical cell damage 
Cell membrane consists primarily of a thin lipid bilayer, in which amphipathic 
phospholipids spontaneously arrange so that the hydrophobic tails are shielded from the 
surrounding polar fluid. The normal transmembrane potential difference of a cell is about 50-70 
mV in magnitude, which is produced by the difference in ionic strength of the cell’s intra- and 
extra-cellular fluids. Transmembrane potential above 200-300mV will cause membrane structure 
rearrangement or breakdown [85]. Since disruption of the plasma membrane causes rapidly 
metabolic exhaustion, membrane rearrangement or breakdown directly leads to cell damage. In 
addition, the current passing through the cells can alter the molecular and organelle structures, 
which also result in cell dysfunction or damage. Fig.2.8 (a) illustrates the cell membrane 
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alteration after exposed to a high electrical field and Fig.2.8(b) shows the cell membrane break 
down upon the application of a field pulse of 15kV/cm[115] . 
In the cell-encapsulated EHDJ process, although cells are exposed to high voltage 
electrical field, the obtained fiber is very fine (in nanoscale) and is dried already at the receiving 
end. As a result, the fiber structure is nonconductive and electrical current will not be present in 
the fiber. Thus, transmembrane potential cannot be formed and cells are generally safe in this 
process. 
 
 
     
Proteins 
Proteins 
Bilipid 
layer 
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  Fig 2. 8 Schematic of cell membrane alteration following high electrical field exposure (a) 
[85] and image of cell membrane break down upon the application of a field pulse of 
15kV/cm(b)[115]. 
2.3.3 Mechanical force-induced cell damage 
The mechanical cell damage is the structure failure of a cell caused by mechanical forces. 
Mechanical cell damage may include membrane rupture, failure of the cytoskeleton, or 
membrane backbone. The plasma membrane is a composite structure consisting of a two-
dimensional bilipid layer and a variety of membrane associated proteins with a fibrous protein 
backbone of cortical cytoskeleton. The membrane proteins include ion channels, receptors, and 
signaling molecules. They can freely diffuse in the lipid bilayer or be linked to the cortical 
cytoskeleton, to the ECM, or to both. The mechanics of cell membrane has been studied in [116, 
117], the mechanics of the cytoskeleton was reviewed in [118] and mechanics of a cell as a 
whole was investigated in [119]. In this section, from a different angle we focus on the cell 
deformation and damage, particularly occurring in the bioRP process. 
Our previous study [21] illustrates that the hydrostatic pressure lower than 500 kPa has 
no significant influence on cell viability and that cell damage in a fluid flow is mainly caused by 
shear stress. When a shear stress is applied on cells, they will deform due to the weak elastic 
mechanical properties. However, cells can withstand large deformation due to its viscoelasticity 
(b) 
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and can recover to its original structure upon the removal of stress [120]. As an example, Fig.2.9 
shows the deformation of human red blood cells in shear flow under different shear stress [121].  
 
Fig 2. 9 Cell deformation under shear stress of (a) 100, (b)2000, (c) 3500, and (d)4500 
dyn/cm2 [121]. 
In both microprinting and microfluidic techniques, cells suspended in   biomaterial 
solution undergo mechanical forces, such as pressure and shear stress. The cohesion of the 
membrane is due to the separation of hydrophobic chains that form the core of the bilayer from 
the surrounding aqueous environment. Thus, within a physiological range, forces elicit adaptive 
responses acutely and chronically [7]. If the forces exceed certain thresholds and/or the forces 
are applied beyond a certain time period, cells will be harmed and even damaged. As listed in 
Table 2.1, cell viability varies in different bioRP techniques, depending on the operation 
parameters and cell types.  
In the microprinting process, cells are deposited through a nozzle and the cell travel path 
in the nozzle is generally short (< 20mm). Thus the time period for cells exposed to shear stress 
is small, which benefits to the cell integrity. However, the shear rates of flow in this method are 
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normally high, which means the shear stresses are also high and may kill cells. For example, cell 
damage rates in biodispensing range from 30% to almost 60%, depending upon the pressures 
applied [122]. On the contrary, in microfluidics the microchannel is relatively long, resulting a 
long duration of cells exposed to force. Fortunately, the shear rates in microfluidics are relatively 
low and as such, the shear stress produced in the flow has a limited influence on the cell damage 
[94, 123]. 
2.4 Modeling and Analysis of Mechanical Cell Damage 
Both cell printing and jetting have been widely used in manipulating various cells and 
rapidly-prototyping tissue scaffolds. Since cells are exposed to the mechanical forces or stresses 
in these processes, development of cell damage models for these processes has been desired to 
predict cell damage and optimize the process control.  
In the microprinting and microfluidics bioRP process, if the stresses exceed certain 
thresholds and/or the stresses are applied for a certain time period, cell membrane may be 
harmed and even damaged. In the fabrication process, the mechanical forces are functions of 
process parameters, such as the pressure applied to the process and the nozzle or channel size, 
and thus cell damage during the process also depends on these parameters. It has been shown 
that pressure lower than 5Mpa has no noticeable effect on cells [21] and thus cell damage during 
this process mainly attributes to the shear stresses in the flow stream. 
As different bioRP process parameters (such as the driven pressure and nozzle size) 
generate different forces and force durations on cells, cell damage laws that relate process-
induced forces to cell damage are required to predict cell damage in different processes. Power 
law function and its modifications are commonly used to establish cell damage laws[124-127]. 
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The basic power law model describes the relationship between shear force (τ ) and cell damage 
percentage (PCD)[124, 125] , by  
                                                                 
akPCD τ=                                                                  (2.1) 
This equation was modified to include the time-dependant effect (t) on cell damage in the 
form of[22]:  
                                                     
batkPCD τ=                                                              (2.2) 
It is noticed that cells can mechanically adapt to small forces by deformation, thus can 
survive from certain levels of forces, which is referred to threshold force ( 0τ ). To include this 
effect, the above power law cell damage model can be generalized as [23]:  
                            
                                                   
ba tkPCD )( 0ττ −=                                                      (2.3) 
In the above Equations (2.1), (2.2) and (2.3), k, a, and b are the model parameters and for 
a given kind of cell, they are determined by experiments. The power law model and its 
modifications can be used to predict cell damage in certain ranges. Their shortage is that they are 
not applicable to the cases involving high stress since the percent of cell damage may exceed 100% 
due to the monotone increasing nature of the power law function used. For improvement, a 
bivariant normal distribution function was used as the cell damage law [21], which is given by   
                                                    
∫ ∫=
t
dtdtfPCD
τ
ττ ),(
                                                  (2.4) 
where ),( tf τ  is normal distribution probability density function. The above cell damage law has 
been successfully applied in the biodispensing process for cell damage prediction [21]. Given the 
fact the parameters involved in the above cell damage law are typically identified under low 
stress conditions by means of a rheometer, the model with the identified parameters may not be 
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applicable to the applications that involves high stresses. This is mainly due to the fact that cell 
damage occurs under high stresses much more quickly than that under low stresses [128].  
Also, a strain energy density (SED) function was employed to characterize the effects of 
mechanical stress on cells [24, 129], in which cell deformation was treated as the principal 
trigger for cell damage and the cell damage criterion is defined as[129] : 
                                                  damagecellWW crcell ⇒Γ>Γ )()(                                           (2.5) 
where cellW and crW  are respectively the strain energy density of cells and the critical strain 
energy density where cells start to die. Γ is probability function for cell damage. This method 
theoretically improved the current cell damage laws and has been applied in cell damage 
prediction in soft tissues and engineered tissue constructs. In the bioRP process, it is noticed that 
cells flow in the biomaterial solutions and cell-fluid interaction are involved. , which is a 
challenge and difficulty in solving the cell deformation under cell-fluid interaction. As a result, 
this method has not been applied on the cells in fluid flows for cell damage study. 
In cell manipulation process, temperature typically needs to be controlled precisely as the 
process demands. For example, the process temperature was maintained at 10°C to prevent 
polymerization of the collagen [66], at 43°C to investigate the physiological properties of cells at 
high temperature [130], or simply at a room temperature[73]. To consider temperature effects on 
cell viability, a model was proposed to predict cell damage in the bioRP process[131] and it 
reads 
                                                )(1
1
baTk e
PCD
+−−+
=
τ                                                     (2.6) 
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where T is the process temperature. This model has been successfully applied to predict the 
damage rate of Schwann cells in the biodispensing process with the temperature ranging from 0 
to 45°C.  
 
2.5 Recommendations for Future Research 
BioRP techniques are able to fabricate cell-encapsulated tissue scaffolds with designed 
external shape and internal microstructure. It holds the promise to simultaneously integrate the 
multiphenotype of cells, the ECM materials and growth factor together to create artificial tissue 
constructs that mimic the mechanical, chemical and biological properties of native tissue. 
Despite significant progress has been made in bioRP techniques in the past decades, several 
issues must be addressed by research before they becomes feasible and controllable means to 
fabricate cell-encapsulated scaffolds for various tissue engineering applications. 
Strategic combination of various BioRP techniques for fabricating multiscale scaffolds is 
one of the issues to be addressed by further research. Native tissues are very complex, yet highly 
organized, structures composed of living cells and manifold ECM materials. Like the hierarchy 
system of human body, which consists of levels from skeleton, organ, to cell and subcellular 
organs, biomimetic scaffolds should also possess multiscale structures so that both cells 
proliferation in microscale and tissue regeneration in macroscale can be well supported and 
organized. Strategic combination of different techniques is an important research initiation to 
create such multiscale structures, which has recently begun to draw researchers’ attention. For 
example, the combination of 3D plotting and electrospinning techniques [132] was able to 
fabricate hybrid scaffolds, in which the 3D plotter extruded the microscale PCL fiber and the 
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electrospinning made the nesting nanoscale fibers between the microscale fiber layers. It is noted 
that the EHDJ technique is able to spin cell-embedded nanofibers, thus potentially providing a 
means to replace the electrospinning to make cell-encapsulated hybrid scaffolds. Another 
interesting method to fabricate cell-encapsulated hybrid scaffolds is to strategically use different 
bioRP techniques, in which RP techniques are used to produce the skeletal structure of scaffolds 
by depositing cell-encapsulated fiber at microscale level while the laser-based methods such as 
LGDW and LIFT are used to manipulate single cells and/or molecules precisely, thus creating 
cell-encapsulated scaffolds of multiscale structures. 
The capacity of simultaneously integrating and regulating cells and various growth 
factors in hydrogel fibers is of great importance in the creation of novel tissue scaffolds. Previous 
studies have illustrated this potential by using microfluidics, coaxial micro-nozzle printing and 
laser-based techniques. In the study[133], microfluidics was combined with microprinting to 
fabricate scaffolds with different encapsulation contents, including cells and other molecules. By 
taking advantage of the physical properties of different phases of fluids, biophysical scaffolds 
were fabricated without the assistant of other tools[134]. It is urged that further research should 
be pursued in this regard so as to create novel tissue scaffolds. For example, nerve guidance by 
means of certain growth factors can be realized by adding the growth factors to specific locations 
and orientations of fibers. Vascular networks can be formed with appropriate distributions of 
endothelial or stem cells and the growth factors. Concentration and gradient of cell and growth 
factors distribution will be possibly controlled by combining microfluidics, laser-based methods 
and microprinting techniques. 
Although above described researches will be able to pattern cells and biomaterials in the 
scales similar to native tissue microstructures, recent study shows that cells can fuse to tissue by 
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chemical and physical (electrical, mechanical and thermal) cues, providing an alternative way to 
create functional tissue substitutes. Tissue self-assembly is one of the research topics, in which 
submillimeter tissue blocks are fabricated with self-assembly properties and then fuse into tissues 
according to cells’ natural functions. Microfluidic can create micro-tissue blocks with designed 
shapes and controlled cells types and thus may have the advantage in tissue self-assembly study. 
For example, microfluidics has been used to synthesize microparticles with various 2D and 3D 
shapes and assembled to complex structures[135]. 
Cell viability is another critical issue in various bioPR techniques, leaving a lot to be 
desired regarding the understanding and prediction of cell damage mechanism as well as the 
process control for improved cell viability. In the cell-damage models reviewed previously, it is 
commonly assumed that the influence of cells, as particles, on the flow concerned is ignored. As 
such, the shear stresses are evaluated from single-phase fluid flow and the stress on cells is 
considered same as the one in the local fluid. Besides, the interaction of cells and fluids is 
ignored, which, however, is involved to affect cell activities and thus cell deformation and 
damage. Moreover, the stress distribution on cells in shear flow is usually not uniform and high 
percent of stress concentration may occur [136]. Therefore, in the development of models for cell 
viability, it is of desire to take into account the influence of cells on the flow as well as the 
interaction of cells and fluids. Computational fluid dynamics (CFD) has been shown promising 
to represent such knowledge or information as required in the model development. For example, 
the shear stress distribution on cell surface has been investigated by means of CFD[137, 138]. 
Meanwhile, it is also noted that in such studies, cells are usually treated with fixed and wavy 
boundaries, which is not true in the bioRP process due to the involvement of moving boundaries. 
For improvement, immersed boundary method (IBM)[139] was employed to handle such a 
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moving boundary problem [140-142]. This method allows for solving the fluid movement using 
Cartesian grid and the cell membrane movement by using Lagrange grid, thus greatly facilitating 
the application of CFD to such a moving boundary problem. These studies only focus on the 
representation of cell deformation during the flow, leaving cell damage to be desired. To address 
the cell damage issue, the use of strain energy accumulated on cells is emerging recently[139] . 
With the information obtained from CFD, such as by means of IBM, the distribution of strain 
energy over cells can be established and used as a criterion for cell damage. Further research is 
urged to be pursued along the direction in order to understand the cell damage mechanism as 
well as to predict the cell viability more accurately as compared to the existing models. The 
knowledge obtained will also allow one for better control over the bioPR process for improved 
cell viability. 
2.6 Conclusions 
BioRP techniques are promising to fabricate cell-encapsulated tissue scaffolds. This 
method allows for the fabrication of scaffolds with customized external shape and internal 
structure and has found wide applications in current tissue engineering. The combination of 
various bioRP techniques offers more advanced means for encapsulating cell and growth factor 
in tissue scaffolds. The development of bioRP techniques as well as their strategic combination 
for the fabrication of cell-encapsulatedcell-encapsulated scaffolds will be significantly advance 
tissue engineering towards the goal of producing functional substitutes for the damaged tissues 
and/or organs.  
Cell damage is a critical issue in bioRP techniques. The mechanism of cell damage under 
different types of energies is still under investigation. Mechanical cell damage in the bioRP 
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techniques can be investigated by using the combination of CFD and solid mechanics along with 
the experimental studies. This would lead to the development of various models for the 
prediction of cell damage rate and cell distribution. As such, the bioRP techniques can be 
controlled and optimized by adjusting the process parameters to achieve desired cell distribution 
and preserve cell viability. 
CHAPTER 3 
CHARACTERIZATION OF THE FLOW BEHAVIOR OF 
ALGINATE/HYDROXYAPAPTITE MIXTURES FOR TISSUE SCAFFOLD 
FABRICATION* 
* This chapter has been published as “Xiaoyu Tian, Minggan Li, Ning Cao, Jianwei Li and 
Xiongbiao Chen. (2009). Characterization of the flow behavior of alginate/hydroxyapatite 
mixtures for tissue scaffold fabrication. Biofabrication. 1(4):045005”. According to the 
Copyright Agreement, “the authors retain the right to include the journal article, in full or in part, 
in a thesis or dissertation”. 
 
3.1 Introduction 
In tissue engineering, scaffolds are three-dimensional constructs made from biomaterials 
and used to facilitate cell growth and transport of nutrients so as to produce artificial organ and 
tissue substitutes. As such, scaffolds are playing a vital role in tissue engineering. Nowadays, a 
number of biomaterials have been employed in tissue engineering for scaffold fabrication, 
including collagen, fibrin, gelatin, synthetic polypeptides, agarose, alginate, hyaluronate, 
chitosan, dextran, polylactic acid, polyglycolic acid, and some composite materials of hydrogels 
and inorganic compounds[25] . Among these, alginate/hydroxyapatite mixtures are often selected 
36 
 
due to their biocompatibility and suitable mechanical properties[143-146]. Alginate is a natural 
biomacromolecule isolated from seaweed and bacteria whose use in tissue engineering is limited 
due to its weak mechanical properties, lack of cellular interactions, and uncontrollable 
degradation [147]. Hydroxyapatite (HA) is a mineral found in teeth and bones within the human 
body whose use is also limited, mainly in the applications to hard tissue implants, due to its low 
strength and fracture toughness[148]. However, the composite of these two materials 
demonstrate improved mechanical properties due to the crosslinking effect of Ca2+ ions and, as 
such, they have been widely applied in biomedical engineering[145].  
Both Material selection and fabrication technique are important in the fabrication of 
scaffolds that can support cell growth and tissue formation. To satisfy the scaffold 
requirements[149], a variety of fabrication methodologies has been employed and can be broadly 
classified into conventional and rapid prototyping (RP) techniques. Conventional techniques, 
such as solvent casting, particulate leaching, gas foaming, emulsion freeze drying, thermally 
induced phase separation, gravity and microsphere sintering, and electrospinning, lack the ability 
to precisely control scaffold microstructure[150]. Thus, rapid prototyping techniques have drawn 
recent attention[4] as they are not only capable of finely controlling the microstructure and 
macrostructure of scaffolds but also can create structures capable of increasing the mass transfer 
of oxygen and nutrients. In rapid prototyping, materials are usually deposited from the fine 
needle of a dispenser to form a three-dimensional (3D) structure in a layer-by-layer fashion. In 
this process, the flow behavior of biomaterials, featured by the relationship between shear stress 
and shear rate, is very important as it affects flow rate in the needle and, thus, the horizontal 
speed of the dispenser in order to construct a desired structure[151]. As such, in tissue scaffold 
fabrication, flow behavior plays an important role in determining the geometrical properties of 
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scaffolds including pore size, porosity, and pore interconnection [6]. If the flow behavior is not 
well chosen or controlled, numerous trial scaffold fabrications are likely, in which the designed 
pore size and porosity may or may not consistently be obtained, thus affecting future cell growth 
and tissue formation [152, 153].  
Although the composite of alginate/HA has been widely used in tissue scaffold 
fabrication as well as other biomedical applications[143-145], very little research on the flow 
behavior of alginate/HA mixtures has been reported. In the state-of-the-art of the scaffold 
fabrication, the structure of the scaffolds has to be ensured by trial and error, which has proven to 
be costly and time consuming as well as on operator’s experience.  This chapter reports our 
recent investigation into the influence of the alginate and HA concentrations as well as 
temperature on the flow behavior of alginate/HA mixtures for the purpose of rational 
manipulation of the material in scaffold fabrication for tissue engineering. 
3.2 Models for flow behavior characterization 
Typically, pure alginate solutions or alginate solutions mixed with particles additives act 
as non-Newtonian fluids due to the high molecular weight of alginate[154, 155]. The relationship 
between the shear stress and shear rate (the ratio of shear stress to shear rate is defined as 
apparent viscosity) in non-Newtonian fluids is not constant, but a function of the shear rate, 
temperature, and concentration of materials in solution. No universally applicable equation 
describes the relationship of non-Newtonian fluids, but many empirical equations are available 
for the applications in food processing industries [156]. 
To model flow behavior of the alginate/HA mixtures, we employed the Herschel-Bulkley 
model to characterize the nonlinear relationship between shear rate and shear stress as follows:  
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nKγττ &+= 0                                                                  (3.1) 
where γ& is shear rate, τ and τ0 are shear stress and yield stress, respectively, K is a consistency 
index, and n is a flow behavior index. Flow behavior featured by the yield stress, consistency 
index is anticipated to vary with not only the concentration of alginate and HA, but also with 
temperature. To study the effect of these parameters on flow behavior, in this study the yield 
stress and consistency index are expressed as functions of alginate concentration 1C  (%), HA 
concentration 2C (%), and temperature (°C), and are given by: 
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where T0, T1, A, B, g1, g2, h1, and h2 are constants that can be obtained experimentally. The flow 
behavior index, n, is often considered a temperature independent parameter[157]; in this study it 
is expressed as a function of alginate and HA concentration with: 
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where j1 and j2 are experimentally determined constants. 
3.3 Materials and Methods 
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3.3.1 Materials and preparation  
Alginate and HA (200 nm particle size) powders were purchased from Sigma Co., St. 
Louis, MO. Alginate/HA mixtures were prepared by weighing and mixing the powders together 
in varying proportions: A1-HA20 (1% alginate and 20% HA), A2-HA20, A3-HA20, A4-HA20, 
A5-HA20, A3-HA10, A3-HA30, A3-HA40, and A3-HA50. The alginate/HA mixtures were 
prepared by dissolving the mixed powder in tap water and stirring at room temperature until 
thoroughly mixed. 
3.3.2 Apparatus and experimental procedures 
An RVDV-Ш rheometer (Brookfield Engineering Labs Inc. MA, USA) with RP-52 
spindle was used to determine fluid behavior parameters of the alginate/HA solutions. The cone 
and plate geometry (Fig.3.1) featured a conical vertex perpendicular to but not in contact with a 
flat plate, with a cone truncation of 49 µm. A sample of 0.5 mL is placed in the gap between the 
rotating cone and the stationary flat plate; and the cone is very obtuse (α less than 3°), ensuring 
the shear rate in the sample is constant for a given rotation speed of the cone.  When the cone is 
rotated at a pre-set speed ω, the torque T applied to the cone is measured through the 
deformation of a spring connecting the motor and the cone. The shear stress in the sample is 
related to the measured torque T and the shear rate to the rotation speed. As such, the 
relationship between shear stress and shear rate can be established. 
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In experiment 1, alginate concentration varied from 1 to 5% and HA concentration was 
held constant at 20%. In experiment 2, alginate concentration was held constant at 3%, and HA 
concentration varied from 10 to 50%. While experiments 1 and 2 were conducted at the room 
temperature, experiment 3 investigated the effect of temperature on flow behavior; 
concentrations of alginate (3%) and HA (20%) were kept at constant values and the temperature 
of the mixture varied from 20 to 60°C using a water bath. Data from these experiments are 
presented as plots of shear rate vs. shear stress (flow curves). Experiments to determine yield 
stresses were also performed in the cone and plate rheometer but at low shear rates ranging from 
0.02 to 1.00s-1. Yield stress data represent the mean from three replicates. 
3.4 Experimental Results and Model Parameter Determination  
3.4.1 Effect of alginate concentration on flow behavior 
Flow behavior of the mixed solutions varies as alginate concentration increases from 1 to 
5% percent (Fig.3.2 (a)). At low alginate concentrations, the flow curve is almost linear. At high 
alginate concentrations, the flow curve is non-linear, climbing steeply at low shear rates and 
smoothly at high shear rates. Notably, the flow curves meet the origin at low alginate 
cone angleα
ω
Fig 3. 1 Schematic of a cone and plate rheometer 
cone 
plate 
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concentrations (no yield stress), but intercept the shear stress axis as alginate the concentration 
increases to 5% (presence of yield stress). 
 
 
 
 
 
 
 
 
 
 
 
For each mixture, the yield stress was determined from the yield stress test.  Fig.3.2 (b), 
for example, shows the measured shear stresses at relatively low shear rates and then the yield 
stress is obtained by extrapolating it to zero shear rate. Fig. 3.3(a) shows the plot of yield stress 
vs. alginate concentration. It is demonstrated that the yield stress for the alginate solution with a 
concentrations less than 3% has a small value and, since then, increases rapidly. Accordingly, 
materials used in tissue scaffold fabrication should have high alginate concentrations enough to 
produce scaffold strands that can support their own weight. Otherwise, according to our previous 
study in[6], the strands will collapse and the intended scaffold microstructure cannot be achieved.  
Consistency and flow behavior indices were identified from the flow curves in Fig.3.2 by 
using equation (3.1) (Fig.3.3 (b)). The consistency index K increases quickly with alginate 
concentration. An alginate concentration of 2% appears to be a critical value beyond which the 
                         (a)                            (b) 
Fig 3. 2 Flow curves of alginate/HA mixtures obtained from: (a) tests with 
varying alginate concentration (b) yield tests.  
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high molecular weight alginate chain has strong influence on the viscousness of the mixture. The 
increase of the consistency index means the increase of the resistance to flow, thereby reducing 
the flow rate in the tissue scaffold fabrication. In contrast, the flow behavior index decreases 
with alginate concentration (Fig.3.3(c)), indicating an increasing degree of nonlinear behavior. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.4.2 Effect of HA concentration on flow behavior  
The flow curves obtained when HA concentration was varied from 10 to 50% percent 
(Fig.3.4) also demonstrated the effect of concentration. Notably, the shape of the flow curves 
Fig 3. 3 Flow behavior parameters vs. alginate concentration: (a) yield stress, 
(b) consistency index, and (c) flow behavior index. (n=3) 
(a) (b) 
(c)
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varies with HA concentration and the intercept of the flow curves on the shear stress axis (yield 
stress) increases with HA concentration.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Both yield stress (from yield stress tests) and consistency index (from equation (3.1)) 
increase exponentially with HA concentration (Fig. 3.5(a) and (b)); the flow behavior index 
decreases with HA concentration (Fig. 3.5(c)). For the purpose of scaffold fabrication, the yield 
stress results suggest high concentrations of HA can be used to increase the stiffness of the 
material to avoid the collapse of scaffold. However, as the HA concentration increases to 50%, 
the shear stress dramatically increases (Fig.3.4), indicating high HA concentration mixtures may 
give rise to difficulties during material manipulation.  
 
Fig 3. 4 Flow curves of alginate/HA mixtures with varying HA concentration. 
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3.4.3 Effect of Temperature on flow behavior  
Increasing the temperature of the alginate/HA mixtures results in a decrease in shear 
stress (Fig.3.6). Shear rate was fixed at 60s-1. Yield stresses values were determined at different 
temperatures and consistency indices were identified from flow curves using equation (3.1) 
Fig 3. 5 Flow behavior parameters versus HA concentration: (a) yield stress, 
(b) consistency index, and (c) flow behavior index. 
(a)
(c) 
(b) 
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(Fig.3.7). Both yield stress and consistency index decrease with temperature. At high 
temperatures, the material possesses a lower yield stress and lower consistency index, which 
makes its manipulation easier. At low temperatures, the material has a high yield stress, 
indicating the material is more likely to support its own weight, thus facilitating the 3D structure 
formation in scaffold fabrication processes according to our previous study[6]. This property 
lends itself to many scaffold fabrication applications[158, 159] where the mixed material is 
heated to high temperatures for easy handling, then deposited at lower temperatures at which the 
material can support itself to form 3D microstructures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 3. 6 Effect of temperature on shear stress for an alginate (3%)/HA 
(20%) mixture 
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3.4.4 Integration and verification of flow behavior model  
To quantify the effects of alginate/HA concentration and temperature on the flow 
behavior in an integrated form, data from the above experiments were used for regression by 
using equations (3.2) and (3.3). Values identified for equation parameters (Table3.1) were 
substituted parameters into equations(3.2) and (3.3) to generate a flow behavior model for the 
alginate/HA mixtures.  
Table3. 1 Flow behavior parameters determined from experimental data 
 
Parameter A T0 g1 g2 B T1 h1 h2 D j1 j2 
Value 1.53×10-5 27.1 3.21 2.91 1.9×10-6 26.9 2.54 3.87 2.31 -0.28 -0.31
 
Two experiments were performed to validate the effectiveness of the developed model. 
The first employed A4-HA10 to verify the effect of alginate/HA concentration (Fig. 3.8(a)). 
                             (a)              (b) 
Fig 3. 7 Effect of temperature on flow behavior for an alginate (3%)/HA (20%) 
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Equations (3.1-3.3) and the flow behavior parameters in Table 3.1 were used to predict the flow 
curves (Fig. 3.8). The second experiment employed A3-HA30 and a temperature of 45°C to 
verify the effect of temperature on flow behaviors (Fig.3.8 (b)). The close agreement of the 
experimental results and model predictions validates the utility of the model developed in this 
work for predicting flow behavior of alginate/HA mixtures. The model will facilitate the scaffold 
fabrication processes in many ways. It will aid in the selection of a material stiff enough so 
deposited strands can support their own weight as well as suitable temperatures for material 
deposition and 3D structure formation. The flow rate model [151] also allows estimation of the 
required flow rate for material deposition and therefore control of the deposition speed. The 
further illustration of the developed model as applied to the scaffold fabrication is presented in 
the following section.   
 
 
   
 
 
 
 
 
 
 
 
 
 
                    (a)                                                                            (b) 
Fig 3. 8 Experimental results vs. model prediction at (a) alginate concentration: 
4%, HA concentration: 10%, and temperature: 25°C; (b) alginate 
concentration 3%, HA concentration 30%, and temperature: 45°C. 
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3.5 Applications to the Scaffold Fabrication   
3.5.1  Flow rate prediction using flow behavior model 
In the scaffold fabrication process, it is known that, to form continuous and uniform 
strands while avoiding strand break or stack, the horizontal moving speed of the needle (V) 
should be set as: 
                                                            2
4
D
QV
π
=
                                                            (3.5) 
where Q is the flow rate and D is needle inner diameter. Since the moving speed of the needle is 
determined by the flow rate, which is a function of process parameters. Therefore, modeling of 
the flow rate is of great importance in the fabrication process. In my previous work [4, 151], I 
developed a flow rate model and validated its effectiveness in the dispensing-based RP scaffold 
fabrication process. In this section, the flow rate model is adapted and used to predict the flow 
rate from the established flow behavior, and the predictions obtained are compared to the 
experimental results to illustrate the application of the developed flow behavior model to the 
fabrication process.   
Three experiments of dispensing alginate/HA mixtures were carried out on the scaffold 
fabrication machine adapted from a commercial fluid dispensing system (C0720M, Asymtek), in 
which a needle with an internal diameter of 0.33mm and a length of 12 mm was used. In each of 
the experiments, the dispensing system was controlled to deliver the materials for 5 seconds 
under the pressures of 500 kPa. The average flow rates of 3 runs were measured by weighing the 
materials dispensed using an electronic balance with a resolution of 0.1 mg. In the first 
experiment, the HA concentration was fixed at 30% and the alginate concentration was changed 
from 2% to 5% (Fig. 3.9(a)). In the second experiment, the alginate concentration was 
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maintained at 5% and the HA concentration was varied from 20% to 50% for dispensing (Fig. 
3.9(b)). In the third experiments to study the temperature effect on flow rate, the alginate and HA 
concentrations were maintained at 3% and 30%, respectively, and the temperature of the mixture 
was changed from room temperature (23 oC) to 50 oC (Fig. 3.10(c)). Based on the flow rate 
model reported in[4, 151] and the flow behavior model given in Eqns. (3.2)-(3.4), as well as the 
flow behavior parameters listed in table 3.1, simulations were performed in Matlab and the 
simulation results are shown in Fig. 3.9 along with the experimental results for comparison. The 
good agreement between the experimental and simulation results demonstrates the promising of 
the application of the established flow behavior to the determination of the flow rate in the 
dispensing-based fabrication process.  
 
 
 
 
 
 
 
 
 
 
 
 Fig 3. 9 Comparison of simulations to the experimental 
results under different conditions: (a) flow rate at different 
alginate concentrations, (b) flow rates under different HA 
concentrations, and (c) flow rates at different temperatures. 
(c)
(a) (b)
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3.5.2  Scaffold Fabrication 
In the scaffold fabrication, one can determine the needle moving speed from the flow rate 
by means of equation (3.5). Experiments for fabricating scaffolds by using so-determined 
moving speed was performed. Specifically, 7% of alginate was mixed with 50% of HA for 20 
minutes and then loaded into a syringe for dispensing. A 0.33 mm needle was used and each 
layer was formed by horizontally moving the needle along a zigzag path. Based on the identified 
flow behavior and applied air pressure (500kPa), the flow rate was determined as 0.41mg/s, and 
he needle speed was established at 5mm/s by using equation (3.5). By means of these process 
parameters, the scaffolds were fabricated in a layer-by-layer fashion. Once one layer formed, the 
needle was lifted vertically 0.30 mm, dispensing another layer; and the process was repeated 
until 30 layers were obtained. The scaffolds fabricated were inspected under a microscope. 
Fig.3.10, for example, shows the interconnected microstructure of a scaffold. 
 
 
 
 
 
 
 
 
 
 
(a) (b) 
Fig 3. 10 Scaffold fabricated (a) top view and (b) side view. 
500 µm 500 µm 
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3.6 Conclusions 
Examination of the flow behavior of alginate/HA mixtures in this study shows the flow 
behavior can be affected by alginate concentration, HA concentration, and temperature in 
exponential fashion. The effect of component concentration and temperature on the flow 
behavior was quantified through a model, and the effectiveness of this model was illustrated with 
experimental results. The resultant flow behavior model was then used to predict the flow rate in 
dispensing-based scaffold fabrication process; and the results obtained were validated by 
experiments. Furthermore, the needle moving speed was determined based on the developed 
models and used in the scaffold fabrication; and the scaffolds fabricated shows having the 
desired interconnected microstructure as designed. The illustrated ability to select the process 
parameters based on the developed models in the scaffold fabrication represents a significance 
improvement over the use of a trial and error process as previously reported in the literature.  
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CHAPTER 4 
EFFECTS OF CELL DENSITY ON MECHANICAL PROPERTIES OF 
ALGINATE HYDROGEL TISSUE SCAFFOLDS* 
* This chapter partly has been published as “Xiaoyu Tian, and Xiongbiao Chen. (2013). Effects 
of cell density on mechanical properties of alginate hydrogel tissue scaffold. The 24th Canadian 
Congress of Applied Mechanics(CANCAM)”. According to the Copyright Agreement, “the 
authors retain the right to include the conference article, in full or in part, in a thesis or 
dissertation”. 
 
4.1 Introduction 
Cell-encapsulated three-dimensional (3D) hydrogel scaffold mimics the 
microenvironment of native tissue. As such, it has been widely employed in various drug 
discovery and tissue engineering applications [160], including bone and cartilage  regeneration 
[161], soft tissues of nerve [162], and brain repair [163]. Among various physical properties of 
hydrogel scaffolds, mechanical property is one of the critical aspects for successful application of 
hydrogel scaffolds in tissue engineering. The mechanical properties of scaffolds should match 
the ones of host tissues so that it can provide appropriate mechanical support to maintain the 
structure integrity [164]. It is also found that the mechanical properties can affect cell 
differentiation and tissue development and regeneration. Recent studies on mechanobiology have 
showed the significance of mechanical properties of scaffolds on cell function and tissue 
formation. Cells sense material elasticity as they touch and attach to their surroundings [165]. 
Many mature cells, such as fibroblasts, epithelial cells, neurons, and muscle cells, probe the 
stiffness of scaffolds, differentiate into dissimilar morphology and change their adhesive 
characteristics, depending on the scaffold stiffness [165, 166]. Therefore, fabrication of scaffolds 
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with desired mechanical properties is of great importance for tissue development and 
regeneration.  
The density of cell encapsulated in scaffolds is a critical factor that affects the mechanical 
properties of hydrogel scaffolds. Cells are mechanically weak capsules, and when they are 
embedded into 3D hydrogel structures, the mechanical properties of the scaffold matrix change. 
The more cells are seeded, the softer the scaffolds matrix. The effects of cell density on 
mechanical properties of scaffolds have been observed in several studies in the literature. For 
example, the initial Young’s modulus of agarose hydrogel scaffolds at chondrocyte density of 6× 
106 /mL is three times higher than those at cell density of 10× 106 /mL [167]. Conor T. Buckley 
et al. examined the equilibrium modulus and 1Hz dynamic modulus of agarose scaffolds with 
cell density from 10, 40 to 60 million/mL and found that both of the moduli decrease with the 
increase of cell density [168]. These studies demonstrate that cell density should be carefully 
considered in scaffold design to obtain appropriate scaffold mechanical properties. They also 
provide a cue to improve cell differentiation and tissue formation. However, these researches 
only show some data points at certain conditions and cannot be used for rigorous design of  
mechanical property for scaffolds. More importantly, both cells and hydrogels exhibit non-linear 
hyperelastic properties [169] and thus Young’s modulus is valid only in very small deformation 
range[170]. Thus a comprehensive understanding of the nonlinear mechanical properties of cell-
encapsulated hydrogel scaffold and a mathematical model that can describe the mechanical 
property of scaffold for its entire deformation range is desired. This model will provide a basis 
for the precise design of the mechanical properties of scaffolds. A mathematical model is also a 
foundation to numerically evaluate the local deformation and strain energy on cells when 
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scaffolds are subject to loading, which then is used to predict mechanical cell injury or damage 
[169].  
By using experimental and computational methods, this chapter modeled the 
hyperelasticity of cell-hydrogel scaffolds at different cell densities. A hyperelastic constitutive 
law was selected to describe the cell-hydrogel matrix. Based on the constitutive laws of the 
scaffolds, a two-level simulation was carried out to study the local strain energy on cells at 
different cell densities. The results obtained would allow one to design scaffolds with desired 
mechanical properties by varying cell density. Importantly, the local deformation and strain 
energy can be examined by using computational methods to evaluate cell mechanical injury 
when loading are applied on scaffolds. 
 
4.2 Materials and methods 
4.2.1 Cell Culture 
 Schwann cells, derived from Schwann cell line (ATCC, Rockville, MD), are cultured in 
Dulbecco’s Modified Eagle’s medium (DMEM) (Sigma, St, Louis, MO) supplemented with 10% 
fetal bovine serum (FBS) (Sigma, St, Louis, MO) and 1% antibiotic. Cells were incubated at 37℃ 
in a humidified atmosphere of 95% air and 5% CO2. 
4.2.2 Alginate solution preparation 
Low viscosity alginate powder (A2158-250G, Sigma, St. Louis, MO) was dissolved in 
deionized water to form 0.5% (w/v) solution and then it was filtered by a vacuum filtration 
system to obtain sterilized alginate solution. Next, the sterilized alginate solution was frozen 
entirely and freeze dried to get sterilized alginate floc. The alginate floc was dissolved in DMEM 
to form 6% (w/v) alginate-DMEM solution.  
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4.2.3 Cell-encapsulated scaffolds preparation 
Cell solutions with different cell densities of 2×106, 6×106, 1×107, and 2×107 cells/ml 
were gently mixed in 6% alginate- DMEM solution with a pipet to form a 50% (v/v) cell mixture 
with a uniform cell distribution. Final cell density of 1×106, 3×106, 5×106, 1×107cells/ml were 
obtained. Then the cell mixture was extruded through a 0.8 cm inner diameter tube into 100 
mMol CaCl2 solution for initial alginate crosslink. After 2 minutes, the scaffold was transferred 
into 1.8 mMol CaCl2 solution and incubated for 24 hours to achieve complete and uniform 
crosslink of alginate scaffolds. The diameter of the scaffold was carefully measured by a Vanier 
caliper and the diameter was 0.9 cm. All these procedures were carried on in a sterilized 
environment. Before mechanical tests, the scaffold was cut to obtain a cylindrical sample with 
6.5 mm length. Five specimens were prepared for each test.  
4.2.4 Cell viability and distribution before mechanical tests 
Before mechanical tests, five 1 mm thick slices cut from a scaffold were tested by cell 
live assay in order to qualitatively evaluate cell viability and distribution of samples cut from the 
same scaffold. Cells were stained for viability using calcein AM. Cell viability and distribution 
were observed by a confocal microscope and live cells were counted three times respectively in a 
3D space (507 μm × 507 μm × 114 μm) and live cell density was obtained by averaging fifteen 
data from five slices. 
4.2.5 Mechanical properties tests 
Uniaxial compressive tests were performed to measure the mechanical properties of 
scaffolds by using Bose Biodynamic 5010 system (Bose Corporation, USA) (Fig.4.1). A ramp 
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displacement signal generated by the WinTest digital control system at a constant rate of 5 
cm/min was applied on specimens to obtain the stress-strain curve.  
For dynamic tests, a sinusoidal displacement with a frequency varying from 0.5Hz to 
100Hz and a fixed amplitude of 0.5 mm was applied to obtain the storage and loss modulus. Five 
specimens for each test were examined and average values were reported. 
In both uniaxial compressive test and dynamic tests, to avoid the slip between the sample 
and the clamp surface and ensure uniform deformation in scaffold, metal pads with rough surface 
were taped onto the top and bottom surfaces of the clamp.  
 
 
                            
 
4.2.6 Simulation of stress environment on cells  
To study stress on cells under compression, a two-level 2D simulation was performed in 
Comsol 4.2a. Scaffold as a whole is first considered as homogeneous bulk material (macro level) 
                  (a)                                                  (b) 
Fig.4. 1 Bose biodynamic 5010 system: Experiment setup (a)  
Sample loading chamber (b) 
Sample 
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by using the bulk material model obtained in experiments. Then a small area (0.1mm×0.1mm) in 
the scaffold is considered (micro level), which consists of both alginate hydrogel and cell phases 
(Fig.4.2). At this level alginate has bulk material property (without cells) and cells are considered 
as neo-Hookean material with elastic modulus of 4,462 Pa. The boundary conditions are mapped 
from the first level simulation. Five models with different cell distributions were simulated to 
consider the effect of cell spatial heterogeneity. Five strain energy densities (SED) were obtained 
from each model and 25 values were averaged to obtain the final SED. 
 
 
 
 
 
 
 
 
4.2.7 Statistics analysis 
Statistics were performed using one way ANOVA test. All experimental data are reported 
as the mean and standard deviation of 5 samples per point. 
4.3 Results 
4.3.1 Cell viability and distribution before tests 
 From the fluorescent images, cell densities in scaffolds were examined, respectively, 
with values of 1×106, 3×106, 5×106, 1×107cells/ml before mechanical tests. Cells were also 
             (a)                                                       (b) 
Fig.4. 2 Schematic of two-level simulation: Bulk 
simulation (a) Two-phase microscale simulation (b) 
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observed being distributed evenly. Fig. 4.3 shows the 3D fluorescent images of cells in scaffolds 
with cell density of 1×107cells/ml from different angles. 
      
 
 
 
 
4.3.2 Mechanical properties 
The relationships between stress and strain at different cell densities were obtained from 
compression tests.  The experimental results show that scaffolds with different cell density have 
different compression curves (Fig. 4.4). Pure alginate shows more linear relationship between 
stress and strain, while the stress-strain behavior of cell encapsulated alginate is highly non-
linear. With the increase in cell density, it is observed that the curves become longer and that the 
nonlinearity of stress-strain curves becomes more profound. This indicates that low cell density 
hydrogels are stiffer and more brittle than the high cell density ones.  At a high cell density, the 
mechanical property of cells causes the nonlinearity of scaffold mechanical properties. 
 Different nonlinear constitutive models were examined and adopted to fit the strain-
stress curves to find a model to best describe the hyperelasticity of hydrogels with varying cell 
densities. By comparison among the Neo-Hookean, Mooney-Rivilin, and Ogden models, it was 
(a)                                          (b)                                          (c) 
Fig.4. 3 3D image of cell viability at 1×107cells/ml before mechanical tests: front view (a) a 
3D image at a rotating angle (b) side view(c) 
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found that third order Ogden model well fits the stress-strain curves at different cell densities and 
thus was selected as the constitutive law of cell-encapsulated alginate scaffolds (Fig. 4.5). 
 
 
 
 
 
 
 
 
 
 
 
 
In the Ogden model, the strain energy density (SED) is expressed in terms of principle 
stretches  λ୨ , j = 1, 2, and 3, as  
                                   W = ∑ ஜ౤஑౤ ൫λതଵ
஑౤ + λതଶ஑౤ + λതଷ஑౤ − 3൯୬                                        (4.1) 
where μ୬ and α୬ (n=1,2,3) are material constants. 
 The values of these constants for alginate hydrogel scaffolds with different cell densities 
were identified by using data fitting using ANSYS 14.0 and are listed in Table 4.1. The model 
with identified constants can be used to quantitatively represent the stress and strain in the 
hydrogel scaffolds.       
 
Fig.4. 4 Stress-strain curves of alginates with varying cell densities 
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Table 4. 1 Values of Ogden model constants 
Cell density 
(cells/ml) 
μଵ αଵ μଶ αଶ μଷ αଷ 
0×106 0.01 21.72 1.94 7.03 3.81 7.03 
1×106 0.26 15.77 0.26 15.77 0.26 15.77 
3×106 0.14 15.01 0.14 15.01 0.14 15.01 
5×106 -952.7 1.51 132.5 3.44 2426 0.41 
10×106 -67.28 7.64 31.41 8.44 36.95 6.73 
         
Dynamic modulus were calculated and the storage modulus are always much higher than 
loss modulus, i.e., Eᇱ ≫ E∗ , at a frequency varying from 0.5Hz to 100Hz, which indicates 
alginate hydrogel scaffolds in the form of soft gel at the cell densities examined. The storage and 
loss moduli at 0.5 Hz is shown in Fig. 4.6. With the increase in cell density, storage modulus 
increases more rapidly than loss modulus, which indicates that the elastic part of viscoelasticity 
of scaffold increases with cell density. Experiments also indicated frequency has no obvious 
effects on dynamic modulus. Fig. 4.7, as an example, shows the storage modulus in different 
frequencies at a cell density of 1×106 cells/ml. 
Fig.4. 5 Comparison of experimental results to curve fitting 
using different models at a cell density of 10×106 cells/ml 
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Fig.4. 7 Storage modulus with different frequency at 
Fig.4. 6 Dynamic moduli verse cell densities at 0.5 Hz 
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4.3.3 Simulation of stress on cells in the scaffolds 
In the macro level simulation, Ogden models with their parameters (Table 4.1) were used 
and 2D simulations were performed at varying cell densities. Then a 0.1 mm × 0.1 mm area was 
picked from the bulk and the nodal displacements were mapped to the microscale ones. 
Under the same compression conditions, maximum local SED on cells first increases 
from cell density of 1×106/mL to 3×106/mL and then decreases with the increase of cell density 
(Fig. 4.8). It decreases from 428 J/m3 at 3×106/mL to 393 J/m3 at 10×106/mL. This means cell 
density alters the mechanical properties of hydrogel and changes the stress environment on cells. 
The results show that generally the lower cell density scaffolds have higher stresses on cells and 
cells in low density scaffolds are more vulnerable at the same loading. The simulated results of 
relation between the hydrogel strain and SED on cells have a good agreement with experiments 
performed by Sun et al. [169]  
 
 
 
 
Fig.4. 8 Maximum SED on cells in scaffolds with different cell 
densities at compression of 10% 
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4.4 Conclusions 
Cells are mechanically weak, and as they are encapsulated in to hydrogel scaffolds, the 
scaffold mechanical properties change. Different cell densities may lead to different mechanical 
properties of scaffolds. In this work, alginate hydrogel scaffolds with 3T3 fibroblasts 
encapsulated were fabricated through calcium ion crosslinking and the scaffold mechanical 
properties at different cell densities were studied through both experiments and simulations. 
Through experiments, the nonlinear constitutive laws for hydrogel scaffold mechanical 
properties were obtained and the dynamic modulus of hydrogel scaffolds at different cell 
densities were also examined. The experiments show that with the increase of cell density, the 
mechanical properties decrease, and Ogden model was chosen to best describe the 
hyperelasticity of scaffolds at different cell densities. Based on the model obtained from 
experiments, simulations were performed to examine the local stresses on cells under different 
loadings. The simulation results illustrate that cells experience varying stress environments at 
different cell densities and the stresses on cells decrease from 428 J/m3 at 3×106/mL to 393 J/m3 
at 10×106/mL. The constitutive laws developed for hydrogels at different densities provide a 
foundation for quantitative study of the mechanical properties of cell-encapsulated hydrogel 
scaffolds, which is important not only for cell survival improvement but also for tissue 
regeneration promotion.   
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CHAPTER 5 
MODELING OF SHEAR-INDUCED CELL DAMAGE AND ITS 
APPLICATION TO BIO-DISPENSING PROCESSES* 
* This chapter partly has been published as “Xiaoyu Tian, Minggan Li and Xiongbiao Chen. 
(2008). Shear-induced cell damage and its application to bio-dispensing process”. The 16th 
Annual Conference of the CFD Society of Canada. According to the Copyright Agreement, “the 
authors retain the right to include the conference article, in full or in part, in a thesis or 
dissertation”. 
5.1 Introduction 
Various bio-fabrication methods have been developed in recent years, which employ 
mechanical means to manipulate cells to manufacture products with live cells[172]. Different 
cell manipulation techniques have been explored. In dispensing-based cell deposition technique 
[158, 173, 174] and rapid prototyping of hydrogel structures[66, 70, 175, 176], cells mixed with 
biomaterials are extruded from a fine nozzle to form a three dimensional (3D) constructs under 
an air pressure or a piston. In inkjet-based cell printing technique[177, 178], cells mixtures are 
jetted from a fine nozzle to form droplets and these droplets then form a 3D device under the 
control of a computer. Among these techniques, bio-dispensing is one of promising techniques, 
which is widely applied in 3D tissue scaffolds fabrication [175, 179], microfluidic devices[180, 
181], and lab-on-a-chip devices [182, 183]. In these processes, cells are extruded from micro-
needles and delivered to designated targets in a controllable manner. However, not all cells can 
survive and maintain their phenotype during these fabrication processes. During the fabrication 
process, cells are subjected to the pressure in the reservoir and/or the shear stress in the nozzle. 
Within a physiological range, the forces elicit adaptive responses acutely and chronically. If the 
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stresses exceed certain thresholds and/or are applied for a certain time period, cells will be 
harmed and even damaged. Some research has been done to study cell damage during the 
fabrication processes and cell damage rates under several process conditions have been reported 
[184]. However, these cell damage rates only valid at certain experimental conditions and may 
not apply to other process conditions. Thus a model used to predict the percentage of cell 
damage in the process by means of the process parameters is desirable.   
It is noted that there are several definitions for cell damage from biological point of view 
[7], in our work cell membrane failure is considered as cell damage in this thesis as the 
mechanical force in bio-dispensing process directly applies on cell membrane. Also, cell 
membrane failure has been widely used for determination of cell damage in literature[7] . 
As suggested in[185]  that the short-term low hydrostatic pressure (< 5Mpa) has no effect 
on cell viability, the shear stress is the only consideration for possible cell damage in the 
dispensing process. Given this, the shear stress is assumed being the key factor causing cell 
damage in this thesis. Under this assumption, an experimental method is used to develop a cell 
damage law and then this cell damage law is applied to predict cell damage in the bio-dispensing 
process. The cell dispensing experiments were carried out to validate the model through a 
dispensing system. In these experiments, 3T3 cells and Schwann cells were chosen for 
preliminary study and admixed with sodium alginate solution for dispensing. 
5.2 Materials and Methods  
5.2.1 Chemical formulation 
Medium viscosity sodium alginate powder (Sigma, St. Louis, MO) was dissolved in 
deionized water overnight to form 5% (w/v) solution. 
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5.2.2 Cell culture 
3T3 cells, derived from 3T3 cell line (ATCC, Rockville, MD) and Schwann cells (ATCC, 
Rockville, MD), are grown in Dulbecco’s Modified Eagle’s medium (DMEM) (Sigma, St, Louis, 
MO) supplemented with 5% fetal bovine serum (FBS) (Sigma, St, Louis, MO) and 1% antibiotic. 
Cells were incubated at 37℃ in a humidified atmosphere of 95% air and 5% CO2. Before 
experiments, the cells were gently mixed in sodium alginate solution with a pipet to ensure a 
uniform cell distribution. 1 ml mixture solution was used each time for cell dispensing 
experiment. 
5.2.3 Application of Shear Stress on Cells  
Shear stress induced cell damage experiments were carried out by using a cone-and-plate 
geometry rheometer with a spindle of CP-52 (RVDV-III, Brookfield, MA). The schematic of the 
cone-and-plate part of the rheometer is shown in Fig. 3.1. The shear stress applied on the cells, 
throughout the medium in the rheometer, can be expressed as: 
                                                                    3
3
2
T
R
τ
π
=                                                                  (5.1) 
where T is the torque applied on the spindle and R is the radius of the cone. 
The experiments were all conducted in a room temperature of about 23℃. Cell mixture 
was carefully delivered into the container of the rheometer by using a pipet, with a sample 
volume of 0.5 ml. The rotational speed of the rheometer was controlled to apply varying shear 
stresses on the cells loaded to the rheometer. Percentage of cell damage (PCD) under shear  was 
examined as a function of shear stress. To develop the cell damage law to relate PCD to shear 
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stress, the modified power-law model, which was used for the prediction of cell damage in 
literature [23, 125], was employed in this study, which is given by: 
                                                          ( ) ( )asPCD Cτ τ α= −                                                      (5.2) 
where C, α and a are constants for a given kind of cells. 
5.2.4 Cell-Dispensing System 
A cell-dispensing machine adapted from a commercial fluid dispensing system (C0720M, 
Asymtek) was used in these experiments[6, 151]. The schematic of a typical dispenser is shown 
in Fig.5.1. It employs pressurized air to drive the solution in the syringe out the needle. P is the 
pressure of air applied to the syringe, eP  the pressure in the colloidal gel at the exit of the needle, 
D the internal diameter of the needle, and L the length of the needle. In the bio-dispensing 
process, the following assumptions are made: (1) the cell suspension is incompressible, implying 
its density is constant during the process; (2) the fluid flow in the needle is steady and fully-
developed, at which the velocity profile does not change with time; (3) there is no slip between 
the cell suspension and the needle wall, (4) the pressure drop in the reservoir due to the fluid 
flow is negligible given the syringe diameter is much greater than the needle diameter; and (5) 
the minor losses due to entrance effects can be neglected given that the fact that the flow velocity 
in the needle is small.  Under these assumptions, the pressure drop in the needle can be expressed 
as ePPP −=Δ and under this pressure drop, the solution is driven out the needle. 
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The shear stress distribution along radial direction can be obtained [186]: 
                                   
2rz
P r
L
τ
−Δ
= .                                                                   (5.3) 
whrere r is the radius. Suppose the cell density in the needle is denoted by d, the number of the 
total cells in the needle is LRd 2π . In addition, from Equations (5.2) and (5.3), it can be seen that 
the PCD is a function of the radius r.  Thus, the number of the damage cells in the dispensing 
process can be expressed by using the integration of 
0
2 ( )
R
S rzaL rPCD drπ τ∫ , where R is the radius 
of the needle. Then the cell damage in dispensing process (PCDd) can be obtained: 
                                                       0 2
2 ( )
R
s rz
d
rPCD dr
PCD
R
τ
=
∫                                                (5.4) 
where ( )s rzPCD τ is the cell damage law under shear stress ( rzτ ) in the needle. 
5.2.5 Cell Viability Assay 
Niagara blue was used to stain the cells in the tested samples immediately after each 
dispensing process. The live/dead cells were manually counted under a light microscope (Leica, 
Microsystem, Bannockburn, IL) immediately following the each experiment. 
Fig.5. 1 Schematic of dispenser 
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5.3 Results 
5.3.1 Cell Damage Law 
To develop the shear-induced cell damage law, the percentages of cell damage under 
different shear stresses were measured and evaluated by experiments. In these experiments, cell 
mixtures were sheared in the rheometer for 5 minutes and each of them had a control group to 
compare the effect of shear stress on cell viability. Control groups were maintained in the same 
conditions as the tested ones except the shear stresses. After each experiment, live/dead cells are 
counted under microscope. A typical image under the microscope is shown in Fig. 5.2, in which 
black points indicate dead cells and white ones are live cells. 
 
 
 
 
 
 
 In the first experiment, the threshold shear stress for cell damage was obtained by trial 
and error. Different shear stress levels from 60 Pa to 120 Pa with increment of 20 Pa were 
applied, on the cell mixtures for both 3T3 and Schwann cells; and the number of the dead cells 
was counted. It was found that if the shear stress is less than 70Pa, there is no detectable cell 
Fig.5. 2 live/dead cell under microscope 
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damage compared to the control groups for 3T3 cells and that if the shear stress is less than 80Pa, 
there is no detectable cell damage for Schwann cells. Thus, 70Pa and 80 Pa are considered as the 
threshold shear stress of 3T3 and Schwann cells, respectively, under which cells are not injured. 
In the second experiment, six stress levels of 200, 400, 600, 800, 1000, and 1200 Pa, 
were applied for 3T3 and Schwann cells. After each experiment, both control and sheared 
samples were tested. The live and dead cells were counted under light microscope. Then the 
percentage of cell damage was calculated and the difference between the tested samples and the 
control groups were considered as the shear stress induced cell damage. 
For each stress level, the experiment was repeated six times and the mean values of the 
percentage of cell damage were used to evaluate cell damage and the standard deviations were 
also calculated.  The results are shown in Fig. 5.3. Fig.5.3 (a) is the cell damage rate of 3T3 cells 
under different shear stresses and Fig.5.3 (b) is the cell damage rate for Schwann cells. Asterisks 
are the mean values of the experimental values and the error bars are standard deviation of the 
experimental data. 
 
 
 
 
 
 
 
 
 
71 
 
 
Fig. 5. 3 Cell damage under different  shear stress: 3T3 cells(a) and Schwann cells(b) 
The parameters in Equation (5.2) are obtained by fitting the cell damage data, which are 
shown as solid curve in Fig.4. The cell damage law for 3T3 cells is found to be: 
                                                0.701( ) 0.768( 70.0)SPCD τ τ= − .                                        (5.5.T) 
and the cell damage law for Schwann cells is: 
                                                0.665( ) 1.031( 80.0)SPCD τ τ= −                                           (5.5.S) 
The equation 5.5.T means the cell damage law for 3T3 cell and 5.5.S indicates the cell 
damage law for Schwann cells. 
5.3.2 Cell Damage in Bio-dispensing Processes 
Cell dispensing experiments were carried out to validate the cell damage law and the cell 
damage model for bio-dispensing processes in Equation (5.4). First, 3T3 cells mixed with 
alginate solution was extruded from a fine needle with the diameter of 150 μm under different 
pressure levels ranging from 1bar to 5 bar. The control groups consisted of collecting cell 
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mixture directly from the syringe without the needle under the passive effect of gravity. After 
each experiment, both control and dispensed samples were tested and the live and dead cells 
were counted under light microscope. The percentages of damaged cell were calculated and the 
difference between the tested samples and the controls were considered as the cell damage 
caused by the bio-dispensing processes. At each pressure level, the experiment was repeated six 
times and the mean values were reported as the cell damage results. 
Percentage of cell damage in the dispensing process for 3T3 cells can be obtained by 
combining Equations (5.3), (5.4), and (5.5.T). It is worth to note that as cell suspension flow 
through a cylindrical tube, cells tend to move toward the axis of the tube, leaving a thin cell-rare 
layer near the wall[187, 188]. The thickness of this layer is about 10μm as measured in[188, 189]. 
To consider this effect, in this study the thickness of cell-rate layer (h) is subtracted from the 
needle radial and thus percent of cell damage can be expressed as:  
                                    
0.701
0
2
2 0.768( 70.0)
2
R h
d
Pr r dr
LPCD
R
− Δ
⋅ −
=
∫
.                                       (5.6) 
Simulation based on Equation (5.6) under different pressure was performed in Matlab. 
Both experimental and simulation results are shown in Fig. 5.4. 
Experiments for Schwann cells were also carried out. Schwann cells mixed with alginate 
solution was extruded from a fine needle with the diameter of 150 μm under the pressure of 1 bar 
to 5 bar and the same cell live/dead assay were used to evaluate cell damage in dispensing 
process. The similar cell damage rate in dispensing process also can be obtained by combining 
Equations (5.3), (5.4), and (5.5.S) and the simulation results are compared to the experimental 
ones in Fig. 5.4 (b). 
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Experimental data shows that percentage of cell damage increase with pressure applied in 
the syringe for both 3T3 and Schwann cell. For 3T3 cell, the percentage of cell damage increase 
from 3% at the pressure of 1 bar to 43% at the pressure of 5 bar. For Schwann cells, the 
percentage of cell damage increased to 41% at the pressure of 5 bar. The simulation results 
agreed with the experimental results, indicating the effectiveness of the cell damage model.  
5.4 Discussion 
In this research, the time effect of shear stress is not considered given that cells are 
extruded from a needle in a very short time course. This is also supported by our preliminary 
experiments, in which it is observed that there is no obvious change in the cell damage 
percentage when cells were sheared for 5 mins, 10 mins, and 30 mins, respectively. Therefore, it 
                      (a)                                     (b) 
Fig.5. 4 Percentage of cell damage in bio-dispensing process under different 
pressure. Percentage of cell damage for 3T3 cell damage (needle diameter 
=100microns, needle length = 12mm) (1); percentage of cell damage for 
Schwann cell (needle diameter=150microns, needle length = 20mm) (2) 
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may be reasonable to ignore the influence of the shear stress duration considering that cells are 
driven out of needles in a few seconds.  
5.5 Conclusions 
Cell damages for 3T3 and Schwann cells under different shear stresses levels were 
investigated in this chapter. Based on the measured cell damage percentages, a modified power 
law function was employed to develop the cell damage law. Then this cell damage law was 
applied into bio-dispensing processes; and the cell damages during bio-dispensing processes 
were investigated by developing the cell damage model. Experiments were carried out to study 
the effect of applied pressure on cell viability; and the results obtained showed the effectiveness 
of the cell damage model. 
The method developed in this chapter will allows one to specify the influence of the 
process parameters on the cell damage percentage and, ultimately, to optimize the bio-dispensing 
process to minimize cell damage and achieve desired cell distribution for biological contractures 
and devices. 
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CHAPTER 6 
COMPUTATIONAL FLUID DYNAMIC MODELING OF SHEAR-
INDUCED CELL DAMAGE IN BIOFABRICATION PROCESS 
 
6.1 Introduction 
Biofabrication has emerged as a novel manufacturing technique, in which cells are mixed 
with biomaterial solutions and extruded from a fine needle to form constructs with a three-
dimensional (3D) shape [69, 83, 177]. It has been widely used in tissue scaffold fabrication [179], 
lab-on-a-chip device [182], and drug deliver model [178]. In this extruding process, cells are 
exposed to the field of shear stress and deform under velocity gradient in the needle. Within a 
physiological range, cell deformations elicit adaptive responses acutely and chronically [7]. If the 
deformation exceeds a certain level, cell membrane will be over-stretched to the point the 
membrane cannot maintain its integrity, causing membrane rupture and cell damage.   
Cell damage in fabrication process determines the cell viability in fabricated bio-products 
such as tissue scaffolds. Further, initial cell viability in cell-encapsulated bioproducts plays an 
important role in affecting biological and mechanical functions of products and their derivatives. 
For example, cell viability will affect cell propagation in tissue scaffolds, tissue growth speed as 
well as biological and mechanical properties of scaffolds. Hence, the investigation of cell 
damage in fabrication process is of importance and the models describe the relation between 
system parameters and cell damage can provide quantitative means and tactics to avoid process-
induced cell damage.   
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Nowadays, some researches have been done regarding cell damage in flowing fluids but 
always hover over experiments and phenomenal models. Chang et al. [122] examined HepG2 
cell damage percentage under different dispensing conditions including needle diameter and 
pressure. This study provides a straightforward experimental method to characterize cell damage 
in biofabrication process but at the same time shows the experimental method is not convenient 
and repeatable means to predict cell damage in fluids because if there is a change in system 
parameter, lots of experiments should be done. Further, some empirical models such as power 
law models , normal distribution models were proposed and develped to predict cell damage[21, 
23, 190]. Model based on “damage accumulation” was developed to evaluate red blood cell 
damage in shear flow [190] and power-law function was employed to describe cell damage [23]. 
In our previous researches [21, 191], we quantitatively modelled cell damage percentage in 
biofabrication process based on a normal distribution cell damage law.  Although these empirical 
models in some sense provide a mathematical tool to quantitatively predict cell damage, they 
lack of motivation to investigate cell damage process mechanism such as how cells are affected 
by the flowing solution and how cells deform, which directly leads to cells damage. To better 
understand cell deform and cell damage process, computational fluid dynamics (CFD) method 
was introduced. Tirella et al.[192] used CFD method to describe cell deformation, in which the 
cell mixture were considered as two phase flow and cells were modelled as fluid droplet. This 
research provides a numerical method to study cell-fluid interaction and cell deformation, 
however, cells are commonly considered as hyperelastic material and cannot deform like a fluid. 
In this research, a new CFD-based cell damage law is developed to simulate the cell 
damage mechanism and predict cell damage in dispensing-based biofabrication process. Unlike 
previous methods, in this method, cells are considered as deformable capsules enclosed by a 
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hyperelastic membrane. Immersed boundary method (IBM)[193] is used to model cell-fluid 
interaction in the fine needle in cell dispensing process. Cell moving velocity is obtained by 
interpolating neighbouring fluid and as cell moves, it deforms.  Strain energy density (SED) on 
cell membrane is calculated after each deformation and a critical SED is used as membrane 
fracture criteria to determine cell damage. Normal distribution function is employed as cell 
damage probability at a given SED. Cell damage percentage is calculated at the exit of the needle. 
Experiments were carried out to verify the model, in which Schwann cells encapsulated in 3% 
alginate solution were dispensed under different dispensing conditions.  
6.2 Modeling cell damage in dispensing needle 
Typical cell dispensing configuration is shown in Fig. 5.2, in which cell mixture is 
extruded out of the fine needle under a pressure. Fig. 6.1 shows the cell deformation in fluid flow 
in the needle.  
 
 
 
 
 
 
 
As cell mixture extruded from the needle, cells are moving from entrance to the exit of 
the fine needle with the mixture. Due to the high viscosity of the cell mixture, cells are gradually 
stretched by the shear stress of the solution in the flowing direction, as schematically shown in 
Fig.6. 1 Schematic of the cell deformation in needle 
Cell 
 
Cell–
alginate 
mixture 
Flow 
direction 
 
Needle 
wall
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Fig. 6.1.  The challenge of modeling the cell damage process in the needle is that large 
deformation occurs on cells while they move along the needle. To solve this problem, immersed 
boundary method is used to model cell deformation in the flowing cell mixture. Generally, fluid 
domain is discretized into Lagrangian mesh and cell membrane is discretized into Eulerian points 
(Fig. 6.2). Cell moving velocity is interpolated from neighbouring points in fluid domain. As cell 
moves in the velocity gradient of fluid, cell deforms and produces elastic forces. This force is 
then spreading onto the neighbouring points of fluids. Strain energy density of cell membrane is 
calculated and is used to determine cell viability. These steps will be detailed in this section. 
 
 
 
 
 
 
 
 
 
6.2.1 Fluid description 
Cell mixture is a composite of cells and high molecular weight polymer. Due to large 
molecular chain, cell mixture often shows non-Newtonian flow behavior which is featured by a 
nonlinear relationship between the shear stress τ and velocity ݑ as 
                                                             ߬ = ݉∇ݑ௡                                                                    (6.1) 
                    Fig.6. 2 Schematic of IBM method and domain 
Velocity 
distribution 
Needle 
Eulerian points 
Lagrangian points 
Cell membrane 
߲ݏ 
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where ݉ is the consistency index and ݊ the flow behavior index. 
The fluid motion in the needle is governed by Navier-Stokes equations:  
                                     ߩ ቀడ௨డ௧ + ݑ ∙ ∇ݑቁ = −∇݌ + ∇ଶݑ + ݂                                                  (6.2) 
                                                           ∇ ∙ ݑ = 0			                                                                       (6.3) 
where ߩ is density, ߬ is shear stress of the fluid,  ݂ is external force exerted by the elastic cell 
membrane,  ݌ is pressure and ݑ is velocity.  
6.2.2 Cell description 
Cells are considered as capsules with viscous fluid inside and infinitely thin membranes 
as shown in Fig.6.2. In this study, the fluid inside of the cell is assumed to have the same flow 
behavior as cell mixture. Cell membrane is characterized by a hyperelastic material which can be 
described by neo-Hookean law. The strain energy function is given by [194] 
                                  ܹ = ܧ௦ℎ[߳ଵଶ + ߳ଶଶ + (߳ଵ߳ଶ)ିଶ]                                                        (6.4) 
where ܧ௦ is the shear modulus of elasticity of the membrane, ℎ is the thickness of membrane and 
߳ଵ and ߳ଶ	are the principal stretch ratios. For a 2D membrane described as a closed curve, the 
tension in the membrane can be expressed as [194] 
                                                          ܶ = ாೞ௛ఢయ మ⁄ (߳ଷ − 1)                                                               (6.5) 
where ߳ = ߳ଵ is the stretch ratio along membrane curvature direction. For a discretized cell, T is 
the tension on a line segment along membrane from one Lagrangian grid to an adjacent one.  The 
elastic force ܨ  at the Lagrangian grid is the resultant vector of the tensions in two adjacent 
segments, ܨ = ௜ܶ݁௜ − ௝ܶ ௝݁, where ݅ and ݆ denote two adjacent line segments, and ݁௜ and ௝݁ are the 
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unit tangent vectors along them. Force ܨ produced by the deformed membrane will be spreading 
onto the adjacent Eulerian grid and thus the cell interacts with fluid flow. 
6.2.3 Cell and Fluid interaction 
IBM has been applied to describe the force interactions between fluid flow and elastic 
structure[195, 196]. Briefly, a smooth version of Dirac delta function[193] in equation (6.6) is 
used to link fluid and structure, in which fluid is spatially discretized by Eulerian grid and 
structure is spatially discretized by Lagrangian grid as shown in Fig.6.2.  
              ߜ(ݎ) = ൝
ଵ
ସ ൬1 + ܿ݋ݏ ቀ
గ௥
ଶ ቁ൰	,								 |ݎ| ≤ 2
0							,																									݋ݐℎ݁ݎݓ݅ݏ݁
		                                                (6.6) 
where ݎ = ௣௢௦௜௧௜௢௡	௖௢௢௥ௗ௜௡௔௧௘௚௥௜ௗ	௨௡௜௧	௦௜௭௘ . At the grid point (black point) of the membrane, the 
velocity (ܷ(ܺ, ݐ))  is expressed as the weighted combination of velocities (ݑ(ݔ, ݐ))  of the 
fluid	grid points (small circle) surrounding it as below 
                                        ܷ(ܺ, ݐ) = ׬ ݑ(ݔ, ݐ)ߜ(ݔ − ܺ)݀ݔ	ௌ                                                      (6.7) 
On the fluid grid, the force f(x, t)  is obtained by spreading the elastic forces 	F(X, t) 
produced by cell membrane by using the same Dirac delta function:  
                                        ݂(ݔ, ݐ) = ׬ ܨ(ܺ, ݐ)ߜ(ݔ − ܺ)݀ܺ	డ௦                                                      (6.8) 
where 	݂(ݔ, ݐ) is a body force in governing equation (6.2),	ܵ  is the affected fluid area and ߲ݏ is 
the affected interface (Fig. 6.2). 
6.2.4  Cell damage 
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In this study, strain energy density on cell membrane is calculated and used as the cell 
membrane rupture criteria. If the maximum stain energy density on a cell membrane is greater 
than a critical value, cell membrane breaks. An energy density value is assumed as critical strain 
energy (Wୡ) if: 
                                     ݂݅	 ௖ܹ௘௟௟_௠௔௫ > ௖ܹ → ݈݈ܿ݁	݀ܽ݉ܽ݃݁                                                   (6.9) 
In practice, cells are individually different in terms of physical properties and thus they 
may not die at the same critical strain energy density. To describe the coherent physical variation 
of cells, the critical energy density is considered as a variable which obeys normal distribution. 
Thus the cell damage percentage corresponding to the strain energy of Wୡୣ୪୪_୫ୟ୶	can be obtained 
by:  
                                  ܥܦܲ = ׬ ܲܦܨ( ௖ܹ௘௟௟_௠௔௫ௐ೎଴ )݀ ௖ܹ௘௟௟_௠௔௫                                         (6.10) 
where ܥܦܲ is cell damage percent and PDF is the probability density function. This equation 
gives a quantitative relationship between critical strain energy and cell damage percentage. It 
will be used to calculate cell damage percentage at a given maximum SED.  
In dispensing needle, it is assumed that cell density  	ρୡ is uniform throughout the cell 
mixture. In the unit height	h at the exit of the needle, the cell damage in a concentric cylindrical 
annulus with inner radius r − ଵଶ ∆r  and outer radius r +
ଵ
ଶ ∆r  can be expressed as 
2πr∆rhCDP(r)ρୡ . Then the number of damaged cells at needle exit cross section is 
׬ 2πrhCDP(r)ρୡdrୖ౤଴   and the number of the total cells at the same site is πRଶρୡh. Thus, the cell 
damage in the dispensing process (CDP୬) can be obtained by 
                                                ܥܦ ௡ܲ = ׬ ଶ௥஼஽௉(௥)ௗ௥
ೃ೙
బ
ோ೙మ                                                           (6.11) 
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This is the total cell damage percent of cells at the exit of dispensing needles. 
6.3 Experiments 
6.3.1 Chemical Formulation 
Low viscosity sodium alginate powder (Sigma, St. Louis, MO) was dissolved in 
deionized water to form 6% (w/v) solution. 
6.3.2 Cell culture and Cell mixture 
Schwann cells, derived from Schwann cell line (ATCC, Rockville, MD), are grown in 
Dulbecco’s Modified Eagle’s medium (DMEM) (Sigma, St, Louis, MO) supplemented with 10% 
fetal bovine serum (FBS) (Sigma, St, Louis, MO) and 1% antibiotic. Cells were incubated at 37℃ 
in a humidified atmosphere of 95% air and 5% CO2. Before experiments, cell cultures were 
gently mixed in the sodium alginate solution with a pipet at a ratio of 1:1 (v/v) to form a uniform 
cell suspension. All experiments were conducted at room temperature (~23℃ ). 
6.3.3 Cell viability assay 
Niagara blue was used to stain the cells in the tested samples immediately after each 
experiment. The live/dead cells were manually counted under a phase contrast microscope (Leica, 
Microsystem, Bannockburn, IL). 
6.3.4 Physical parameters of fluid and cell 
Flow behavior of cell mixtures was measured by a rheometer and parameters were 
identified by least square method using equation (6.1). 500mL cell mixture was scaled by a 
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weight scale (resolution: 0.1mg) to determine the density.  Cell size was obtained by averaging 
ten cell diameters measured by the microscope. These values are listed in Table 6.1 and were 
used in simulation process. 
 
Table 6. 1 Parameters in simulations 
Fluid parameters values Cell parameters values 
݉ 2.65	ܲܽ ∙ ݏ௡ Cell radius 5ߤ݉ 
݊ 0.7 ܧ௦ 10ସ݀ݕ݊/ܿ݉ଶ  [197] 
ߩ 913݇݃/݉ଷ h 100Å [197] 
 
6.3.5 Critical strain energy density distribution 
In order to obtain critical strain energy density distribution PDF(Wୡ), both cell damage 
experiments and simulation were carried out. Cell damage experiments under uniform 
mechanical force were conducted by using a cone and plate rheometer with the spindle of CP-52 
(RVDV-III, Brookfield, MA) to generate uniform shear stress. Different shear stresses of 80, 200, 
400, 600, 800, 1000, 1200 Pa were applied to cell mixtures respectively. The control group was 
maintained still in tubes. Each of the experiments was repeated six times. The cell damage 
differences between shear induced groups and the control groups were considered as the results 
of shear flow. The experimental conditions were then used to calculate the maximum strain 
energy density on cells based on equations (6.1)-(6.11) in Matlab. Cell damage percents v.s. 
corresponding maximum SEDs are plotted in Fig. 6.3.  Curve fitting was used to obtain critical 
strain energy density distribution (Fig. 6.3 solid curve). A normal distribution well fitted the data 
points and its density distribution is shown in Fig. 6.4. The distribution parameters obtained will 
be used in equation (6.10) for later cell damage simulation. 
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Fig.6. 4 Critical strain energy density distribution 
6.3.6 Cell damage in dispensing process 
To obtain cell damage in dispensing process, a commercial fluid dispensing system 
(C0720; Asymtek, Carlsbad, CA) was used. This system is designed to dispense the cell mixture 
out of the needle by air pressure, which is described in detail in[6]. In dispensing experiments, 
different air pressures (1, 2, 3, 4, 5 Bar) were used to extrude	2 mL cell mixture out of a needle 
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Fig.6. 3  Cell damage percentage v.s. maximum strain energy 
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with length 20 mm and diameter 150 μm. The experiments were repeated six times for each 
pressure. Control group was maintained at the atmosphere pressure. 
6.4 Simulation results and experimental validation 
Simulation was performed using the same dispensing conditions asthose in experiments 
described in Section6.3.6. equ. (6.1) – (6.11) was used to code this model in Matlab. In the first 
simulation, three cells were placed at the needle entrance from near the needle center, in the 
middle and near the needle wall, respectively.  Flow was steady and fully developed and cells are 
initially round in shape. Fig. 6.5 shows cell deformations as they flow in the needle. At the 
needle center, cells move faster, but smaller deformation. Fig. 6.6 shows the details of the 
deformed cells at different radial positions. Near the wall of the needle (Fig. 6.6a), cell shows 
larger deformation due to the high velocity gradients. Near the center of the needle (Fig. 6.6b), 
cells have very smaller deformation because of the low velocity gradients. For each cell, the 
local strain energies are different along the cell membrane illustrated by the coded colors. Red 
indicates high strain energy and blue means low strain energy. At different radial positions, cells 
suffer from different deformation and maximum strain energy.  The greater the deformation, the 
higher the strain energy as expressed in equation (6.4). Near the needle wall, although the cell 
moves slower than the one at the center, its deformation is much higher and so is its strain energy. 
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The strain energy of a cell under deformation process was calculated to be 0.0012  to 
6.234 dyn/cm, which shows good agreement with the strain energy of from 0.025 dyn/cm to 8 
dyn/cm in literature [197]. The critical strain energy density is 7.8×10-6 J/mm3 is compared to 
previously published strain energy (6 ~ 8 ×10-6 J/mm3) of cells under mechanical force.  
From numerical simulation, the maximum strain energy density in dispensing process can 
be obtained. According to the known critical strain energy density in Section 6.3.5, the cell 
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Fig.6. 6 Detailed cell deformation at near the needle wall (a) and at near the needle center (b) 
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damage percent at the exit of needle can then be calculated (Fig. 6.7, solid line). The simulation 
results are compared with experimental ones in Fig.6.7. It can be seen from the figure that with 
the increase of the pressure, cell damage percent increase quickly, from almost zero at 1 bar to 
35% at 5 bar. This increased cell damage percent is cause by the higher velocity gradients in the 
dispensing needle at higher pressure. The velocity gradients stretch the cells when they move in 
the needle from the entrance to the exit. The close agreement of the simulation and experimental 
results shows the effectiveness of the method. 
 
Fig.6. 7 Cell damages under different pressures in dispensing process 
 
6.5 Conclusions  
This research proposed a new method to model shear-induced cell damage in cell 
dispensing processes. IBM is used to model cell movement and large deformation in the flowing 
solution in dispensing needle. Cell membranes are considered as hyperelastic material and cell 
mixture is a non-Newtonian fluids. Strain energy density on cell membrane is used as cell 
damage criteria to determine cell viability. Both simulation and experiments were conducted and 
the agreement of both of the results shows the validation of this method. The CFD method 
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provides a novel technique to better understand cell damage progress in cell dispensing processes 
in various biofabrication applications. 
It is worth to note that the modelling method used in this chapter is a general CFD 
method for cell damage study in cell mixture flow and should not be limited only to cell damage 
prediction in cell dispensing processes for biofabrication applications. It can be readily extended 
to study mechanical cell damage in various fluid based cell transportation processes such as cell 
printing, cell filtration and biomicrofluidics, where cell damage is essential for the final products. 
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CHAPTER 7 
TEMPERATURE EFFECT ON THE SHEAR-INDUCED CELL DAMAGE 
IN   BIOFABRICATION* 
* This chapter has been published as “Minggan Li, Xiaoyu Tian and Xiongbiao Chen. (2010). 
Characterization of the flow behavior of alginate/hydroxyapatite mixtures for tissue scaffold 
fabrication. Artificial Organs. 35(7):741-746”. The second author contributed to the research 
equally with the first author. According to the Copyright Agreement, “the authors retain the right 
to include the journal article, in full or in part, in a thesis or dissertation”. 
 
7.1 Introduction 
Biofabrication methods have been dramatically advanced in recent years, by which living 
cells are incorporated into various bio-products such as cell-encapsulated tissue scaffolds [69] 
and lab-on-a-chip device [182]. Different biofabrication techniques have been explored, 
including inkjet cell printing [60], biodispensing cell deposition [173], and bio-assembly tools 
[66]. In these manufacturing processes, temperature typically needs to be controlled precisely as 
the process demands. For example, the process temperature was maintained at 10°C to prevent 
polymerization of the collagen [66], at 43°C to investigate the physiological properties of cells at 
high temperature [130], or simply at a room temperature [198].   
During the fabrication processes, cells are subjected to mechanical forces and if the 
forces are relatively small, cells can survive the processes. If the forces are higher than certain 
level, cells may be damaged [7, 199]. Force induced cell damages were investigated 
experimentally [122] and quantitatively [21] in the literature. These studies show that the cell 
damage is mainly caused by shear stress and provide a cue to preserve cell viability in the 
biofabrication processes. Nevertheless, these studies were all performed at a room temperature, 
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and therefore the effect of temperature on process-induced cell damage remains unknown. 
Previous studies demonstrate that temperature can play an important role in cell properties. It 
affects the mechanical properties of both cell membrane [116] and cytoskeleton [200], leading to 
different vulnerability to the biofabrication processes. For example, at 2°C about 60% of the 
human fibroblasts remained viable using a pen delivery system [66]; at the room temperature 94% 
of Chinese Hamster Ovary (CHO) cells survived in an inkjet process [60]; at 37°C 98% of the 
prostate LNCaP and PC3 cells were alive once flowing through microchannels[201]; and at 
temperatures lower than 40.2°C about 90% of the CHO cells remained their viability in a cell 
perfusion process [202]. Previous studies also shown that within a range of 37 °C and 41.5°C, 
the CHO cell viability under the action of the same forces remained the same level, but became 
significant increasing once temperature reaches 45°C [130]. Thus, it is reasonable to assume that 
cell damage is associated with temperature, besides mechanical forces as reported in previous 
studies [21, 184].  
This chapter presents the development of a cell damage law that quantitatively relates cell 
damage to temperature. The effectiveness of the developed cell damage law was also illustrated 
by applying it to the prediction of cell damage percents in the biofabrication process under 
different temperatures. Schwann cells were selected for use in this biofabrication process. 
7.2 Materials and Methods 
7.2.1 Chemical formulation 
Sodium alginate powder (Sigma, St. Louis, MO) was dissolved in deionized water by a 
magnetic stirring bar overnight to form 7% (w/v) solution. 
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7.2.2 Cell culture and cell suspension 
Schwann cells were selected in this study since they have been widely used in nerve 
tissue engineering. Schwann cells from Schwann cell line (ATCC, Manassas, VA) were grown in  
Dulbecco’s Modified Eagle’s medium(DMEM) (Sigma, St, Louis, MO) supplemented with 5% 
fetal bovine serum(FBS) (Sigma, St, Louis, MO) and 1% antibiotic. Cells were incubated at 
37 °C in a humidified atmosphere of 95% air and 5% CO2 and cell medium was gently mixed in 
7% sodium alginate solution with a pipette to ensure a uniform cell distribution according to the 
volume ratio of 1:3. 
7.2.3 Cell damage under shear stress 
A rheometer (RVDV-III, Brookfield) was used in this study to generate the uniform shear 
stress on the cell suspensions [203]. A water bath was connected to the rheometer for the control 
of cell suspension temperature.  In each experiment, 0.5 mL of cell suspension was delivered to 
the rheometer by a pipette and maintained at the designed temperature for 5 minutes for thermal 
equilibrium. Each experiment under the identical conditions was repeated five times and the 
mean value and standard deviation of cell damage percents were obtained. 
7.2.4 Mathematical model for cell damage law 
Cell damage law is a mathematical function that relates the process parameters (e.g. 
temperature and mechanical forces) to the cell damage. Although different functions were 
proposed for the force-induced cell damage law, temperature effect was not considered in these 
models. Also, these cell damage laws generally take the form of power law function, which is 
not applicable to describe cell damage under a large range of stress. The reason is that as the 
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shear stress increase, the cell damage percents may exceed 100%, which is obviously not true. 
As such, cell damage laws which are able to overcome the above limitation are desirable. Our 
considerations to develop such laws include that  (1) the cell damage percent be zero when there 
is no force apply on cells and be one hundred percent as force approaches to infinity; (2) the 
influence of temperature  be well presented; (3) there be no cell recovery in the force-induced 
cell damage process, which is reasonable given the fact that the cell damage is examined 
immediately after fabrication process; and (4) the influence of the shearing duration be not 
involved by setting a short time period of shearing during the experiments.  
With the above considerations, a mathematical model which involves the effects of both 
temperature and shear stress on cell damage is proposed as follows:   
                                       )(1
1),( cbTalaw e
TP
+−−+
=
τ
τ                                                     (7.1) 
where lawP is the cell damage percent, τ is the shear stress the cells experience, T is the 
temperature, and a , b ,care the model parameters, which are to be identified experimentally.   
7.2.5 Biofabrication system 
The biofabrication system used in the present study was adapted from a commercial fluid 
dispensing system (C0720M, Asymtek) [6]. It employs air pressure to drive the suspension in the 
syringe out of a fine needle. Under the assumptions that the suspension flow is steady, 
incompressible, and fully-developed, the shear stress in the needle is given by [186]: 
                                        
2rz
P r
L
τ
−Δ
=                                                              (7.2) 
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where PΔ  is the pressure drop in the needle, r is the radial position of cells and L  is the length 
of the needle. From the above equation, it is seen the shear stress varies along the radial 
direction. This suggests that the cell damage percentage is not constant across the cross-section 
of the needle, but a function of the radius. Thus, the total cell damage percent during the process 
can be established by integrating the cell damage percentage over the cross-section under the 
assumption that the cells are evenly distributed in the needle, i.e.,     
                                                           2
2
0
),(2
R
drTrP
PCD
D
rzlaw
d
∫
=
τ
                                           (7.3) 
where ),( TP rzlaw τ is the cell damage law under shear stress ( rzτ ) and temperature T, as 
established by using equation (7.1), D is the diameter of the needle. 
7.2.6 Cell viability assay 
As cell membrane and intercellular skeleton are important to maintain and support cell 
integrity during cell deformations [204], in the present study the rupture of the cell membrane is 
considered as cell damage, which is consistent with the study reported in [7]. To test the cell 
membrane integrity, Niagara blue was used to stain the cells in the samples immediately after 
each experiment. The living/dead cells were manually counted under a light microscope (Leica, 
Microsystem, Bannockburn, IL) for the evaluation of cell damage percentage. 
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7.3 Experiments and Results 
7.3.1 Development of shear-induced cell damage law 
Cell damage experiments were performed on the rheometer as mentioned previously. Six 
temperatures (0°C, 15°C, 23°C, 37°C, 40°C and 45°C) were examined and at each temperature, 
different shear stresses of 200 Pa, 400 Pa, 600 Pa,  1000 Pa, and 1500 Pa were applied on cells 
respectively. Control groups were maintained at the same temperature as the experimental ones 
but without the application of shear stress. After each experiment, live/dead cells were countered 
using the cell viability assay. Cell damage percentages were then evaluated from the ratio of the 
number of dead cells to that of total cells. The difference between the experimental and the 
control group is considered as the cell damage caused by the shear stress and temperature. 
The mean values of the cell damage percentages in each of the experiments are shown in 
Fig. 1. It can be seen that cell damage percentages increase with both the temperature and the 
shear stress.  At each shear stress, cell damage percentage initially increases slowly and then 
faster once temperature reaches 15°C. 
The experimental data obtained were used to identify the parameters in equation (7.1) 
based on the least square regression in MATLAB.  The parameters obtained are shown in 
equation (7.4). Then this cell damage law was used to simulate cell damage under the same 
conditions as applied in the experiments and the results are shown in solid smooth curves in Fig. 
1 for a comparison. 
                                       )177.2610838.0(6.31
1),(
−−−+
= Tlaw e
TP
τ
τ                                            (7.4) 
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Fig.7. 1  Cell damage vs. temperature under different shear stresses (shearing time = 150s)  
7.3.2 Validation of cell damage law 
To validate the developed cell damage law, cell suspensions were sheared under different 
shear stresses (900 Pa and 1100 Pa) and cell damage percentages were examined as described 
previously. The shear stresses and the temperatures applied in the experiments were substituted 
into equation (7.4) and the corresponding cell damage percentages were calculated. Both the 
experimental and simulation results are shown in Fig.7.2 (a). The agreement between 
experimental results and simulation results indicates that the developed cell damage law is 
effective within the range of temperature and shear stresses examined in the present study. 
7.3.3 Applications to the biofabrication process 
The cell damage law was also applied to biofabrication process to predict the cell damage 
percentage. In these experiments, the cell suspensions were heated to the preset temperature for 5 
minutes using the water bath; and then the cell suspensions were extruded from fine needles with 
a diameter of 0.2 mm and a length of 30 mm under an air pressure of 500 kPa.  The control 
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groups were stored in the syringe without the needle and dropped into a container under the 
action of gravity. After each experiment, both control and dispensed samples were examined by 
the cell viability assay. The difference in the cell damage percentage between the dispensed and 
the control samples is considered as the cell damage caused by the dispensing process. At each 
temperature, experiments under the identical conditions were repeated five times and the mean 
value of cell damage percentage is shown as an asterisk in Fig. 7.2(b). Based on the developed 
model of equations (7.1) to (7.3), the simulation was performed and the results are shown in a 
solid curve in Fig. 7.2(b). Compared with the experimental data, simulation results also display 
the fluctuation up and down around experimental cell damage values. The agreement between 
the experimental results and simulation prediction indicates that the developed model can be 
used to quantitatively predict the cell damage in the biodispensing process.  
 
 
 
 
 
 
 
Fig.7. 2 Cell damage with temperatures  (a) at the shear stress of  900 Pa and  1100 Pa 
(shearing time = 150s), and (b) in the biodispensing processes (needle diameter = 0.2mm, 
needle length = 30mm, pressure = 500kPa). 
(a) (b)
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7.4 Discussions 
It is noticed the identified parameters in equation (7.3) were obtained under the 
conditions of the shear stress ranging from 0 to 1500 Pa and temperature ranging from 0 to 45°C. 
The extended use of the equation (7.3) beyond the aforementioned ranges may be inapplicable. 
Cell-cell interaction in the cell suspension may also affect cell viability. If the cell density is high 
enough, cells may physically contact each other. As a result, stress concentration may occur, thus 
possibly changing cell properties and causing difference in cell damage. In this work, the cell 
density was fixed at around 1×106 /mL and cells were evenly dispersed in the cell suspension. As 
such, it is reasonable to neglect the cell-cell interaction. However, it is suggested that as the cell 
density increases, the effect of cell-cell interaction needs to be considered in establishing cell 
damage laws. Also, it should be noted that the applications of equation (7.3) to the biofabrication 
process as examined in this study were under the assumption that the fluid flow concerned in the 
process is steady, incompressible, and fully-developed. Readers should be aware of the possible 
error caused by the disagreement between this assumption and the conditions of the 
biofabrication process to which the cell damage law is applied. As of a general note, although the 
effectiveness of the developed method was illustrated in this study by using a special type of 
cells (i.e., Schwann cells) under certain conditions (i.e., the ranges of shear stress and 
temperature, and the cell density), the developed method can be readily extended and applied to 
the establishment of cell damage laws for other types of cells and the conditions beyond the ones 
examined in this study, as well as the applications to the biofabrication process by means of 
different cell-manipulation techniques such as cell printing.  
In this study, the rupture of the cell membrane is considered as cell damage; and Niagara 
blue was used to stain these cells blue, while living cells with intact membranes remained 
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uncoloured. It is noted that injured cells may recover from membrane break, as reported in [205]. 
The recovery effect is not considered in this study and thus, the cell damage law developed is 
only applicable to the cell damage, which is examined immediately following the biofabrication 
process.  
7.5 Conclusions 
This chapter presents a method to study the effects of temperature on shear-induced cell 
damage and its applications in the biodispensing process. The relationship between cell damage 
and temperature was investigated experimentally by using Schwann cells; and a cell damage law 
was then developed to represent the effects of both shear stress and temperature. For validation, 
the cell damage law was applied to predict the percentages of Schwann cell damage occurring 
during the biofabrication process with varying temperatures. The agreement between the 
experimental and model simulation indicates the effectiveness of the method developed. The 
availability of the developed method and resultant models allow for effectively control and 
preserve cell viability in the biofabrication process.   
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CHAPTER 8 
CONCLUSIONS AND FUTURE WORK 
8.1 Conclusions 
Cell-encapsulated scaffolds have been widely applied in tissue regeneration, drug 
delivery, biomedical testing. Dispensing-based bioRP technique not only shows a capability to 
fabricate desirable cell-encapsulated tissue scaffolds with biocompatible and biomimetic micro-
environment such as designed mechanical properties, controllable porous structure and spatial 
control of cells and biomaterials distribution but also is potentially capable of be integrated to a 
all-in-one process to multi-batch manufacture tissue scaffolds. This research focuses on 
dispensing-based scaffold fabrication process, with the aim at investigating flow behavior of 
scaffold biomaterials, cell density and process-induced cell damage. The main conclusions of 
this research are summarized as follows: 
1. Flow behavior of alginate/HA mixtures can be affected by alginate concentration, HA 
concentration and temperature in exponential fashion and their relationship can be 
quantitatively modelled. The relationship flow rate and flow behavior of materials can 
also be accurately modeled and on this basis, the system operation parameters such as 
pressure, needle moving speed, needle size can be determined according to flow behavior 
of scaffold biomaterials and temperature to fabricate scaffolds. 
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2. Cell density can affect the mechanical properties of cell-encapsulated hydrogel scaffolds. 
Compared with alginate scaffolds without cells, cell-encapsulated scaffolds exhibit 
hyperelasticity and viscoelasticity. For cell-encapsulated scaffolds, the less cell 
encapsulated, the more brittle and stiffer the scaffolds are. The elastic part of 
viscoelasticity of scaffold increases with cell density. Also, scaffolds with higher cell 
density exert less mechanical stresses on cells at the same strain, which provides a cue for 
cell-encapsulated scaffolds design for cell viability retain.  Third order Ogden models can 
be used to represent the forced-induced hydrogel scaffolds deformation up to 45% strain. 
3. A modified cell damage law considering a thin cell-rare layer near the wall can be used 
for predicting Schwann cell and 3T3 cell damage during the dispensing process. This 
work provides a simple method to predict cell damage in fabrication prOcess and a cue to 
control cell viability by adjusting manufacturing system parameters such as pressure, 
needle diameter and length. 
4. A computational fluid dynamic cell damage model was successful developed to predict 
cell damage in dispensing system. Critical strain energy was introduced and used as a 
criterion of cell membrane fracture. A computational fluid dynamic model was developed 
to represent cell deformation during dispensing process and immerse boundary methods 
was applied to describe the interaction between cell membrane and fluid. This model not 
only effectively predicts cell damage during dispensing-based fabrication process but also 
provides a method to deeply investigate the force- induced cell failure mechanism. 
5. Temperature effects on cell damage were investigated and a new cell damage model was 
developed to represent forced-induced cell damage under different operation temperature. 
This model was validated by a comparison between experiments and simulations. This 
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work also provides a cue to control temperature in scaffold fabrication process to obtain a 
desirable scaffold. 
8.2 Contributions 
In this research, both experimental and numerical studies for dispensing-based tissue 
scaffolds fabrication were carried out. The results obtained will facilitate the hydrogel scaffolds 
design and fabrication and improve the tissue regeneration in tissue engineering. The main 
contributions are summarized as follow: 
1. Developed rheological models for alginate hydrogel and its mixture 
2. Experimentally and numerically investigated the effects of cell density on the 
mechanical properties of hydrogel scaffold 
3. Studied the shear-induced cell damage in biodispensing processes 
4. Numerically investigated the cell-fluid interaction and cell damage mechanism 
5. Developed models for effects of temperature on cell damage in biodispensing 
processes 
8.3 Future work 
 Based on the work presented in this dissertation, a number of studies can be carried on to 
extend the current research. 
1.  Develop a 3D model for studying cell density effects on local strain energy under 
mechanical forces. In current research, a 2D model for uniaxial compression loading condition 
was developed. A 3D model will not only better represent the real environment of cells but also 
to simulate complex 3D space conditions such as scaffolds deformation under multiaxial 
loadings. To do so, 3D constitutive laws for both hydrogel and cells should be first established 
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and then 3D finite element analysis method can be used to investigate the cell density effects on 
mechanical properties of scaffolds. 
2.  Investigating cell density effects on cell viability under mechanical forces and 
developing models to represent the effects. This research indicated different cell density will 
affect the local strain energy on cells and the cell damage model also evaluated the cell 
membrane failure based on the critical strain energy. The proposed project can develop a model 
to evaluate cell density effects on cell viability with assistance of measuring cell viabilities after 
mechanical loading. 
3.  Optimizing the cell damage law. This research developed a CFD-based 2D framework 
to predict cell damage in fluidic condition. The model can be developed and optimized by 
considering following:  1) a 3D model development, 2) fluid is considered as a non-newtonian in 
Navier-stokes equations, and 3) a smoother fluid-structure interaction can take over IBM method  
4.  Development of cell damage law for different applications. The CFD-based cell 
damage law is a general method and can be used to describe cell damage process in different 
geometrical fluidic space such as taper-based dispensing process which is used in various 
applications. Also cell damage for difference cell types can be studied by using the mechanical 
properties of the corresponding cell membranes. This will help more tissue engineering 
applications since various types of cells are currently used in biofabrication processes.   
5. In CFD-based cell damage model, one the currently assumption is that the viscosity 
inside and outside of cell membrane is the same. This may not true when different hydrogel 
solution is used in biofabrication processes. To improve the model, the viscosity of cell plasma 
and hydrogel solution should be taken into account in the model. Further, simulation of currently 
model starts from the entrance of a needle and cells are considered intact at the entrance. 
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However, the extensional flow from the syringe to the needle caused by the sudden geometrical 
change may harm cells in certain level. A better cell damage prediction model can be developed 
by calculating strain energy density on cells from the syringe instead of from the entrance of the 
needle. 
 
The limitations of this work also should be noticed so that the following work can be 
carried out smoothly. First, the rheological behavior of alginate/HA mixture has a high yield 
stress so that it can hold its structure by itself. Thus the method used to fabrication scaffolds 
maybe not applicable to pure polymer solution. Second, for cell density effect s on mechanical 
properties of scaffolds, the cells are assumed to be uniformly distributed in scaffolds. This may 
not true in biofabrication process, especially when cells aggregate. A statistic method maybe 
needed to represent cell distribution in scaffolds. Third, cells in dispensing needles are assumed 
to be not contacted each other and thus no cell-cell interaction is considered in the CFD-based 
cell damage simulation. However, cell-cell interaction often happens in biofabrication process, it 
may be necessary to add cell-cell interaction if more precise cell damage prediction is expected. 
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